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Abstract
Advances in additive manufacturing have enabled the creation of low density metamaterials with
fine features and complex topographies. These new metamaterial topologies and size scales not
previously possible broaden the spectrum of lightweight materials with unique properties that are
advantageous in a variety of applications.

There however is a lack of understanding of

metamaterial failure and fracture behaviors. Studies tend to report only a few material properties
rather than a comprehensive description of behavior. Due to this, there is a hesitancy to incorporate
metamaterials into engineering designs despite proven remarkable properties. This work seeks to
investigate in three parts the fracture and failure mechanisms controlling the deformation behavior
of three different types of low-density metamaterials. The first part of the study explored
increasing the fracture toughness of sheet-based metamaterials using designed porosity to redirect
crack growth away from its original crack path to a less damaging direction. The crack was
diverted into features in the metamaterial base topology, which served to toughen the material. It
was identified that base material plays a role in the crack arrest mechanism activated. The added
porosity was able to increase the fracture toughness of the metamaterial by a factor of three. The
second part of the study calculated yield surfaces for common cellular material topologies that
incorporates the anisotropy of tension, compression, and shear of cellular materials between
different loading orientations. The shear component was the weakest of the topologies, atypical of
monolithic material behavior. The third part of this study is currently on-going work to analyze
the deformation of lattice metamaterials in compressive creep and compare the creep exponent and
activation energy of the lattice to the base material as well as identify the mechanisms controlling
the deformation of the lattice unit cell.
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1. Motivation
Americans traveled 3.3 trillion vehicle miles in the United States in 2019 consuming 140 billion
gallons of gasoline [1,2]. If each vehicle was reduced by 20 lbs, or half a percent for the average
sedan, Americans would decrease their fuel consumption by 528 million gallons a year and reduce
CO2 emissions by 10 billion pounds [3–5]. Thus, in addition to reducing the consumption of
nonrenewable resources, reducing fuel consumption by light weighting an automobile or aerospace
vehicle decreases operating costs . Monolithic materials, however, are limited by their elemental
weights creating a ceiling of what can be achieved via solid materials alone. An alternative method
for manipulating a material’s properties, including density and strength, is through the geometric
arrangement or topology of the material’s mesostructure. Low density metamaterials combine
solid materials and zero density voids to occupy material property spaces not achievable by
monolithic materials. The complex geometric freedoms additive manufacturing (AM) affords
enables for the creation of metamaterial topologies with significantly altered mechanical properties
compared to the base materials. However, the understanding of the mechanics responsible for
these metamaterials deformation behavior, particularly fracture and failure, across different
environments and loading situations is understudied necessitating large factors of safety. This
conservative approach detracts from the largest benefit of metamaterials: their ultralight weight.
Low-density metamaterials have evolved from truss bridges [6] honeycomb sandwich board
topologies [7], and disordered foams [8] to highly complex topologies across a variety of size
scales and base materials [9]. This advancement in metamaterials was made possible by parallel
advances in AM [10]. AM is the layer-by-layer deposition of material and this layer-by-layer
approach allows for increased freedom in geometric complexity without the exponentially
increased manufacturing cost that occurs in traditional, subtractive manufacturing. AM also
1

allows for complex geometries such as internal features that are not possible with traditional
manufacturing methods [11]. AM is capable of fabricating metamaterials with unit cells of many
different length scales, from a unit cell of millimeters [12], to a unit cell of single microns [13].
The fabrication of metamaterials via AM, however, means that the study of metamaterials has to
consider internal and external flaws and voids [14], surface roughness [15], anisotropic material
properties [16], and a variation of microstructure and inclusions [17,18] inherent in the AM
process.

Many methods of studying the mechanical behavior of metamaterials involves

considering a metamaterial as a homogenous solid, such as when analyzing elastic material
properties [19]. However, once a metamaterial begins to yield, fracture, and plastically deform, to
develop a full understanding of the mechanics driving deformation, analysis of the individual struts
and joints and the deformation of the unit cell making up the metamaterial must be considered
[20]. This work investigates the fracture and failure of low density metamaterials and how
topology and base material each drive the deformation of a metamaterial. This is done in three
different parts, with each part investigating a different metamaterial and loading condition, part
one investigates metamaterial fracture toughness, part two determines how metamaterial yield
surfaces change with topology and part three examines the effects of topology and base material
on the compressive creep behavior of metamaterials.

2. Literature Review
2.1.

Metamaterials, Species, and Naming Convention

Metamaterials are materials which gain properties from its structure rather than purely the
constituent material [21]. Bertoldi et al. defined metamaterials as “carefully structured materials
– often consisting of periodically arranged building blocks – that exhibit properties and
2

functionalities that differ from and [at times] surpass those of their constituent materials rather
than simply combining them” [22]. Newly engineered metamaterials have appeared recently
across several fields including electromagnetics [23], optical [24], acoustic [25], thermal [26], and
fluidics [27]. Mechanical metamaterials are a branch of metamaterials that “exploit motion,
deformations, stresses, and mechanical energy” to achieve mechanical behaviors not seen in the
constitutive material [22]. Low-density mechanical metamaterials achieve this through an air and
solid composite by arranging material in an often periodic structure where thin struts or features
support the material while a portion of the volume, often a majority, is extremely low density air
[28].
Cellular materials are the most simplistic of the common types of low-density metamaterials, often
called 2.5 dimensional where the topology is a two dimensional shape extruded in the third
dimension [29], Figure 1a. Topologies include common geometric features such as triangles and
squares as well as the common honeycomb topology well studied by Gibson and Ashby [30].
Cellular materials historically have been used as the core of sandwich panels and were convenient
to manufacture by folding paper or metal sheets [31]. Recent advances in cellular materials have
seen evolutions of complex topologies including chiral honeycombs [32], and graded topologies
[33] to achieve more specific material properties such as increasing stiffness with increased
displacement [34] or improved shear strength [35].

3

Figure 1: Types of low density mechanical metamaterials (a) Cellular metamaterial (b) Lattice
metamaterial (c) Surface metamaterial

Lattice materials are considered truly 3 dimensional where the unit cell is made of thin struts and
repeats in three dimensions [36], Figure 1b. While many lattice material topologies have been
introduced to the scientific community, some of the most common topologies are the FCC, FCCZ,
BCC, BCCZ, and octet truss topologies [20]. Lattice materials can achieve significantly lower
densities than cellular materials [37].
Surface materials are a third type of low-density metamaterial where the topology is a continuous
surface where complex curvatures and saddle points create the structural design rather than thin
struts [38], Figure 1c. The first generation of surface metamaterials to be widely introduced to the
community were triply periodic minimal surfaces (TPMS) [39]. The TPMS topologies are created
by mathematical sinusoidal equations that have a mean curvature of zero and split space into two
or more nonintersecting, intertwined, and infinite domains that can be repeated in three
perpendicular directions [40].

The TPMS metamaterials have unique properties and a

multifunctionality compared to other species of low-density mechanical metamaterials, such as the
ability to act as a heat exchanger due to creating two nonintersecting, intertwined spaces [41].
Recently groups have introduced lattice materials with topologies based off of popular TPMS
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topologies where the lattice comprises the volume of one of the intertwined spaces of the TPMS
topology rather than the surface between the two spaces [42,43]. Another type of surface
metamaterial that has been introduced to the community more recently is shell-lattice materials
[44]. TPMS topologies can be classified as shell-lattice materials, however not all shell-lattice
materials conform to the TPMS requirements; many topologies either have the sharp edges not
possible with zero mean curvature, or do not have an infinite domain, but rather each cell encases
a finite volume [45].

2.2.

Metamaterials: Materials and Structures

There is a continuous debate in the metamaterial community about whether a metamaterial should
be considered a material or a structure [46]. The properties of a metamaterial are a function of
both their base material and topology. The material properties of a metamaterial in the mesoscale
are often different from that of the base material, as a monolithic material, or of similar topology
and a different base material. In reality, in the mesoscale, a metamaterial is between a structure
and a material and therefore has effects of both where the effect of one or the other can dominate
depending on the situation. This then introduces the debate of whether it is appropriate to use
material science or structural engineering definitions for describing a metamaterial’s behavior. In
classical materials science, properties like a material’s stiffness have strict definitions related to
the thermodynamic energy between atoms in a material that is consistent regardless of how large
or small a material sample is. Considering a metamaterial however, at the mesoscale, what is often
referenced as a material’s “stiffness” is the compliance of the metamaterial when it is loaded within
a displacement where the global deformation is considered recoverable on the mesoscale. The
“stiffness” of a metamaterial however does not necessarily match the stiffness of the monolithic
base material, nor does the stiffness necessarily remain consistent with changing unit cell size or
5

relative density. Similarly, the value of a material property such as activation energy for a
monolithic material can be used to determine the active mechanism controlling a materials
deformation at a particular stress and temperature. For a metamaterial, an “apparent activation
energy” can be calculated, however, whether that value can be used to identify the mechanism
controlling the metamaterial’s deformation is unlikely.
Therefore, while the property being measured is not strictly what the thermodynamic explanation
of the property would imply, these apparent properties still communicate valuable information
about metamaterials and their behaviors. Even within materials science, properties of bulk
materials such as stiffness have been shown to vary at different microstructure scales, where the
stiffness of nanoparticle gold is 2% stiffer than bulk gold despite the same materials bonds between
atoms [47].
Metamaterial, breaking down the Greek prefix, means beyond material. As the community
attempts to find where metamaterials belong between materials and structures, it makes sense that
there are limitations of where metamaterials obey classical thermodynamic principles such as
stiffness being strictly a material property and is scalable across size scales. Properties that are a
function of both base material topology can still be used to describe a metamaterial’s behavior and
mechanical response to its environment. However, engineers will have to take care to understand
that traditional thermodynamic implementations of which mechanisms are activated at particular
material property values, often will not be valid indicators of what mechanisms are controlling a
metamaterial’s deformation.
In this study, metamaterials are considered a material, and material properties are calculated as
would be for a bulk material, regardless of base material, topology, or scaling.

6

2.3.

Additive Manufacturing

Additive manufacturing (AM) is a manufacturing process where material is added layer-by-layer
to create a near-net-shape final part [48]. The layer-by-layer process allows complex geometries,
small features, and internal designs not allowed by traditional subtractive of molding
manufacturing methods [49]. AM is the ideal manufacturing process for low-density mechanical
metamaterials as manufacturing most of these topologies would either not be possible or
prohibitively expensive due to their small features and on a material with more than one unit cell,
their difficult to reach internal features [14]. This study uses both plastic and metal AM processes
to fabricate the metamaterial specimens tested.
2.3.1 Polymers: Fused Deposition Modeling
Extrusion based AM consists of a large number of different AM processes during which material
is extruded through a nozzle on the print head and deposited on the build surface layer by layer
[50,51]. The most popular of those processes is fused deposition modeling (FDM) [52].
Fused deposition modeling is capable of printing thermoplastic polymers that can be heated above
their glass transition temperature to a soft semi liquid phase and deposited where the nozzle is
positioned and then solidify as it cools [53]. This process allows the polymer to form adhesive
bonds with the previous layer and neighboring deposited material while in its semi-liquid form
and then gradually cool [53]. Bonding occurs both intra-layer, between two deposited filaments
of the same layer, and inter-layer, between deposited filaments of different neighboring layers
[54].
The strength of FDM parts is dependent on the direction of force and the orientation of deposited
filament [54–56]. If a part is loaded parallel to the deposition direction of the filament within the
part than the strength of the part will be dependent on the material strength of the filament. If
7

instead the part is loaded perpendicular to the direction of the deposited filament, the strength of
the part will be dependent on the strength of the bond between neighboring filament bonds [57].
To create a part with more isotropic properties in the planes intersecting the print surface, the
direction of filament deposition is often alternated in a cross hatch pattern each layer so one
direction is not substantially stronger [58,59].
FDM printers can support a large variety of thermoplastic materials including acrylonitrile
butadiene styrene (ABS) [60], poly-lactic acid (PLA) [61], nylon, and polycarbonate (PC) [60].
These are very traditional materials for FDM processes, each with variation in material properties
but relatively predictable printing results and ease of printing [60,62]. The materials capable of
being used in FDM is continually expanded for improved material properties such as advances
made to ABS filaments [60], incorporation of new materials systems such as printing filaments
embedded with carbon fiber and metallic components [63,64] and decrease printing time and
material cost such as printing with polypropylene (PP) [65]. Novel FDM materials include
reinforcing traditional FDM materials such as ABS with continuous fiber [66,67] and metallic
powders. There is also a wide range in the size of specimens that can be printed with FDM where
scaffolds for biomedical use have been fabricated with feature sizes of 160 µm [68], and large
scale FDM intended for construction have a print capacity of over 1 meter cubed [69].
2.3.2 Metals: Direct Metal Laser Sintering
Powder bed fusion is a class of metal additive manufacturing methods where a layer of metal
powder is spread over an entire print bed and a heat source melts the powder in a specified area
[70]. Another layer of material is added and the process is repeated to build the part layer by layer.
Powder bed fusion AM metals are found to have more complex microstructures that are farther
from thermodynamic equilibrium than other traditional manufacturing methods due to the rapid
8

solidification, high cooling rates and potential remelting that occurs during the manufacturing
process [71]. The scanning strategy used has a significant effect on the microstructure and
subsurface defects as a result of the thermal history introduced into the material [71]. Reflectivity,
laser power, and scanning speed have been shown to have the largest effect on the melt pool length
and width which drives the material’s thermal gradient, solidification velocity, and cooling rate
[71–73].
Direct Metal Laser Sintered materials have a strong texture along the print direction with an
elongated columnar crystal structure that forms within the molten pool [74]. Parts manufactured
with powder bed fusion can reach relative densities above that of 99.95% dense as a rate of process
optimization [75]. As the molten pools of metal rapidly cool, the material shrinks and micro
cracking can form [71]. Pores can also form during the manufacturing process from trapped gas
bubbles or lack of fusion between powder particles leaving the powder unmelted and stress
concentrations at the border of the pore [71].
2.3.3 Effects of Processing, Porosity, and Small Feature Sizes
AM parts are known to have several microstructural differences from cast or machined parts due
to the processing techniques of AM [76,77]. One such difference is the microstructure and surface
morphology of AM parts related to the laser scan process and pattern [78]. If a material is printed
with a chevron raster pattern, the material parallel to the print surface will have a “scale”
topography resembling the print path due to balling as the center of the weld pool cools at a
different rate from the edges of the weld pool [78]. Print parameters such as print speed, raster
width, and laser power drive the amount of balling within a print path. Similarly print parameters
including mass of particles deposited and laser speed drives grain orientation from columnar to
equiaxed grains within an AM part [79–81]. Print parameters can also effect the thermal history
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of a part, accounting for variation in grain size, residual stress, and porosity within an AM part
[82]. The high temperature of the laser in AM processes (generally metal) to solidify loose powder
can cause precipitations of phases in the base material that are generally only found at elevated
temperatures such as the brittle Laves phase in AM Inconel 625 which can affect the material
properties of the printed material [78,83]. Post processing heat treatments are often used on metal
AM parts to reduce residual stress, develop the desired microstructure, and achieve similar
mechanical properties to that of the traditionally manufactured base material [84].
A well-documented property of the AM process is increased porosity compared to other
manufacturing methods such as forging or injection molding [76,85]. The type and cause of
porosity within AM parts however is dependent on the material and manufacturing method. In
extrusion-based plastics the cause of void formation is generally due to an incomplete melting of
the circular extruded filament causing gaps between layers shaped like thin channels [86]. In metal
AM processes voids are generally caused by incomplete fusion of metal powders or pockets of
trapped gas [71].
The mechanical properties of AM parts have been shown to scale with part size [87]. Several
studies have investigated this phenomena and found that the main cause of this was AM surface
roughness where the effective strength and stiffness of AM parts decreases drastically as the
specimen size decreases due to decreasing effective load bearing area and the formation of stress
concentrations [87,88]. The specimen size had small effect on the grain size and texture index
[87]. Sandblasting an AM thin walled gyroid specimen created a smoother surface, eliminating
stress concentrations and improved the fatigue resistance properties of the gyroid specimen [88].

2.4.

Metamaterial Yield Surfaces
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Yield surfaces for in plane loading are two dimensional surfaces that illustrate under what
conditions a material experiences elastic or plastic loading. When the stress conditions of a
material are within the yield surface, the material behavior is elastic. When the stress conditions
are on the surface of the criterion the material is said to be plastic. As the material is continued to
be plastically loaded, the shape of the yield surface changes so that the stress condition is always
at the surface while the material is plastically deforming. Stress conditions outside of the surface
are not permitted by the material [89]. Metamaterials are known to be highly anisotropic
depending on both printing parameters and strut topology, therefore for a yield surface to capture
the complete in plane yield surface of a metamaterial, yield surfaces must be calibrated in the 𝜎𝜎1
and 𝜎𝜎2 loading directions.

Yield surfaces are beginning to be developed for metamaterials that consider the complex stress
states within a metamaterial. Stress states vary for a metamaterial both among different struts in a
unit cell as well as across a single strut [90,91]. Both the size and shape of metamaterial yield
surfaces changes with changing unit cell topology [92]. Stretching dominated topology yield
surfaces were several times larger than their bending dominated counterparts [92]. Even when cell
walls of stretching dominated topologies were manipulated to be wavy and more prone to buckling
the perturbed stretching dominated topology had a larger yield surface than the bending dominated
topology showing that the strut topology arrangement had a larger effect than local modifications
to individual strut geometries [92]. Traditionally used yield surfaces such as Von Mises or Tresca
for example are calibrated on the tensile and compressive strengths of a material, where the largest
differences between these two surfaces when predicting the pure shear strength of a material
[89,93]. Metamaterials are known to be weak in shear, however yield surfaces that are not
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calibrating using the shear strength of a metamaterial risk overestimating the strength of a
metamaterial in pure shear and mixed loading.

2.5.

Creep

Creep is a type of plastic deformation that typically occurs at elevated temperatures where a
material deforms at stresses below its yield stress [94]. Creep conditions are when a specimen is
loaded to a particular stress and then the stress is help constant, but the specimen is free to
deform (elongate or compress). Creep is a time dependent phenomena where time to final
fracture can span from hours to years. Deformation generally occurs in four stages: initial
extension is the elastic deformation that occurs when the specimen is first loaded; primary creep
is early rapid strain of the specimen where the strain rate decreases with increasing strain;
secondary creep, also known as steady state creep has a consistent creep rate; and tertiary creep
marked by a continually increasing strain rate until failure. Secondary creep often consists of the
majority of the specimen creep life and thus knowing the minimum creep rate can be used to
calculate the material steady state creep exponent and activation energy to predict rupture life
[94].
2.5.1 Creep of Inconel 625
Inconel 625 is a nickel based alloy primarily strengthened by solid solution hardening due to the
additions of chromium, molybdenum, niobium and iron, but will experience precipitation
hardening at elevated temperatures above 600 °C due to the formation of intermetallic phases [95–
97]. Carbides of type MC, M6C, and M23C6 as well as intermetallic phases of types γ” and δ for
above 600 °C depending on the service temperature as well as time exposed to elevated
temperature [97]. During elevated temperature tensile tests, Inconel 625 was shown to have a
large ductility drop off between 500-600 °C without a significant decrease in stress and a large
12

strength drop off between 600-700 °C but an increase in ductility at 700 °C [95]. Above 700 ºC
there is a substantial drop off in material properties of Inconel 625 [95,98]. Creep testing at 650
°C for 3785 hours revealed no matrix or intergranular precipitation while creep testing at 725 °C
for 31600 hours revealed needle-shaped precipitates oriented in two directions approximately 120°
apart identified as δ-phase rich in niobium and M23C6 carbides covering grain boundaries [96].
Aging tests at the intermediate 700 °C temperature for 500 hours revealed small disk-shaped
precipitates identified as γ” phase and no needle-shaped δ-phase precipitates [96]. γ” intermetallic
phase precipitates as disc-shaped particles, usually observed in Inconel 625 after thermal aging,
is a coherent, ordered A3B type compound of Ni3(Nb, Al, Ti) composition with a DO22 type
tetragonal crystal structure [97,99]. δ intermetallic phase precipitates have a needle-shaped
morphology and either form directly at high temperatures of by transforming metastable γ”
intermetallics after prolonged aging at relatively lower temperatures [97]. The time until onset of
γ” phase at a service temperature of 600 °C has been reported between 11 hours and 2000 hours
with the disagreement likely due to variation in resolution of detection methods of the nano-scale
precipitate as well as variation in material composition [100]. The M23C6 carbides that precipitate
at the austenite grain boundaries of Inconel 625 lead to a progressive change in fracture mode from
transgranular to intergranular as the amount of carbides present at the grain boundaries increase
[99]. Microcracks can nucleate at the carbide-matrix interface where deformation bands are
impinged [99]. M6C carbides are only present in Inconel 625 after extended thermal aging (8k
hours +) [101]. For Inconel 625 creep tests at intermediate or high stress levels (500-600 MPa),
at 40-70% of melting temperature, the dominate deformation mechanism is dislocation creep [95].
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2.5.2 Metamaterials in Creep
Low density metamaterials have potential for high temperature applications both for structural
purposes in aerospace applications where weight to strength is an important consideration as well
as applications such as gas turbines where lattice metamaterials could play a structural and heat
exchanger role [14]. Lattice metamaterials are generally classified as bending or stretching
dominated based off their Maxwell number which is a function of the number of struts and nodes
a lattice unit cell has. Bending dominated lattices have relatively low strength and high compliance
and tend to deform via flexion at nodes [14]. Stretching dominated lattices deform via extension
or compression of the struts, have high strength and tend to fail via plastic collapse followed by
cyclic plateau stress [14]. Some have argued that lattices are often not solely one or the other but
are subjected to both bending and stretching [14,102].
Creep of bending verse stretching dominated lattices has been scarcely studied, however beam
theory predicts that the curvature of cell walls plays the most significant role in the creep behavior
of a lattice material, suggesting that bending dominated lattices will fail at a higher creep rate
[103]. Additionally beam analysis and numerical modeling has suggested that missing cell struts
has an exponentially detrimental effect on the creep rate of a lattice material [104]. Theoretical
analysis of honeycombs and foams at elevated temperatures predicted that lattice metamaterials
and foams would have a comparable steady-state creep exponent and activation energy as the base
material when normalizing for relative density [105]. Experimental analysis of low density
aluminum foams supported this prediction, though the steady-state creep exponent decreased with
increasing relative density which was not explained [105].
The majority of creep studies consider creep in tension with a lesser number of studies looking at
creep in compression and bending [106]. Metamaterials are used in a variety of loading conditions,
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however the majority of applications involve a metamaterial loaded in compression [20]. To
understand the creep behavior of metamaterials, there needs to be an increased understanding of
the base materials and the metamaterial in compressive creep. An early study of creep in
compression and tension observed that compressive creep experiences larger strains in primary
creep [107].

However the secondary creep rates were comparable between tension and

compression and tensile creep experienced larger creep rates during tertiary creep [107]. Further
studies have shown that some materials have similar tension and compressive creep rates [108,109]
while other material experience tension and compression creep anisotropies [110,111]. This
inconsistency has been attributed to the material experiencing different dislocation mechanisms
activated in tension and compression [110] or different precipitates appearing in tension or
compression for some materials [108].
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3. Overview
This dissertation work consists of three different aspects of the multi-functionality of
metamaterials and how the mechanisms controlling deformation, fracture, and failure are driven
by the relationship between base material and unit cell topology. An overview of each part is
briefly discussed below.
Part 1 investigates how architected porosity in gyroid surface metamaterials can improve the
metamaterial fracture toughness by arresting and deflecting a propagating crack along architected
internal pores.
Part 2 will produce a yield envelope of multiple cellular metamaterial topologies to describe the
anisotropic deformation behavior of cellular materials dependent on topology orientation.
Part 3 analyzes the creep behavior of Inconel 625 AM FCCZ lattices under intermediate
temperature (450 and 550 °C) and stresses.
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4. Increasing the Fracture Toughness via Architected
Porosity
4.1.

Introduction

From composites to biomaterials like teeth and wood, materials with intrinsically poor resistance
to fracture can gain toughness through the incorporation of interfaces between mechanically
dissimilar materials [112]. The interface can serve to impede, arrest, or deflect the crack, thereby
improving the extrinsic toughness of the material [113,114]. Additive manufacturing enables the
fabrication of complicated geometries, multiple materials, and complex internal features with
relative ease [14,115,116]. The ability to include internal features and precisely control the
deposition of

material provides the ability to create designs with hierarchical topologies

mimicking advanced toughening mechanisms found in biomaterials [117].

Additively

manufactured parts with a hard and soft phase have proven successful at preventing crack
penetration and diverting cracks along weak interfaces to promote progressive damage, improving
fracture toughness [118,119]. Traditionally fracture toughness strengthening via interfaces has
depended on the use of multiple materials and uneven properties on either side of an interface
[120]. The present work takes advantage of additive manufacturing to architect internal features
that serve to mimic a weak interface capable of crack arrest and/or deflection. Unlike composites
and biomaterials, this architected toughening can be achieved in a single base material, using a
plane of porosity to create weakened layers.
The flexibility in additive manufacturing has naturally led to an interest in using printing
parameters to enhance the fracture toughness of components. Without the limitations of
subtractively machining a monolithic material, optimized printer infill patterns have focused on
depositing materials in a manner to reinforce components along the direction of anticipated
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mechanical stress to increase fracture toughness [121]. Another processing approach has been to
choose print orientations which produce enhanced mechanical properties. A study on a fused
deposition modeling additively manufactured polymer part had best results when the crack was
perpendicular to the print layers, with the weak interface between layers serving to arrest the crack
[122]. Whereas layers parallel to a crack in a selective laser melting aluminum alloy had a
deleterious effect as the melt pool boundaries acted as a preferential path for crack propagation
[123]. New innovative approaches have looked at print effects such as a square nozzle shape to
remove orientation effects on fracture properties of fused deposition modeled polymers [124].
Additionally, modifications to the print path to increase deposition overlap between neighboring
rows has proven to increase the weld strength, increasing the energy released as a crack propagated
along the weld [125].
Low-density metamaterials are growing in popularity due to their tunable material properties and
unique deformation behaviors [9,22,126]. However, what makes these metamaterials remarkable
(i.e., low mass density) exponentially decreases fracture toughness and can induce sudden,
catastrophic failure at relatively low loads [127]. Past work on improving the fracture toughness
of metamaterials has generally consisted of identifying or creating topologies to exploit
mechanical advantages. For example, the Kagome lattice has been identified as better resisting
fracture than a conventional bending dominated hexagon or stretching dominated triangle unit cell
[128]. However, strut-based metamaterials are limited to unit cell optimization and the rupture
strength of the base material [127]. Sheet based metamaterials have been identified as having better
overall toughness than strut-based metamaterials of similar relative density [42], and
computational modeling has concluded that sheet based metamaterials show good fracture
behavior [129].
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In this study, planar porosity was added to the existing gyroid sheet-based metamaterials to invoke
toughening mechanisms by exploiting inherently weak locations. Unlike a conventional interface,
the ‘interface’ in the present study did not separate dissimilar materials, and was not infinitely thin,
but had a thickness of the pore diameter (0.75 mm). Thus, traditional interfaces as seen in
composite materials were not created, but the goal of the added planes of pores was to replicate
the mechanisms found in interfacial toughening in composites [130]. This changed the emphasis
from designing a novel topology to creating a toughening mechanism that can be used on solid
materials and metamaterials alike. This strategy of introducing internal features was shown to
demonstratively improve the fracture toughness of several additively manufactured materials.

4.2.

Methods and Materials

4.2.1 Polymer material and test method
The focus of the study was the response of two 3D-printed polymer materials: Durus, a Stratasys
brand glassy polymer (herein referred to as Polymer A); and Vero White, a stiffer and more brittle
Stratasys brand glassy polymer (herein referred to as Polymer B). The stiffer and stronger Polymer
B had a yield strength, ultimate tensile strength and Young’s modulus that were about four-fold
greater than the corresponding Polymer A properties [131,132].

Polymer specimens were

manufactured with PolyJet AM on an Objet30 printer.
Four geometries were examined: solid beams (i.e., unmodified solid beams), solid beams with
porosity planes (i.e., modified solid beams), gyroids (i.e., unmodified gyroids), and gyroids with
porosity planes (i.e., modified gyroids). The gyroid is a continuous, triply-periodic, minimal
surface that can be mathematically approximated by Equation (1) [133]. The gyroid specimens
are shown in Figure 9.
(1)
sin(2π x) cos(2π y ) + sin(2π y ) cos(2π z ) + sin(2π z ) cos(2π x) =
0
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Quasi-static fracture toughness tests were performed on a 4-point bend geometry, similar to that
described in ASTM E399 and ASTM D5045. The 4-point bend specimens were 114 mm (36
cells) long, 13 mm (4 cells) wide and 25 mm (8 cells) tall. Polymer B gyroid specimens were
manufactured with a periodic unit cell size of 3.13 mm resulting in a relative density of 17%. As
shown in Figure 10, the modified specimens had four planes of cylindrical pores perpendicular to
the predicted direction of mode I crack propagation. Each pore had a diameter of 0.75 mm, a
depth of 0.5 mm and each pores was spaced 1 mm apart on center in a cubic topology. The
interfaces were spaced every 6.25 mm (two unit cells in the gyroid topology), as shown in Figure
10. The added porosity slightly reduced the effective density of the modified materials by ~3%
as compared to the corresponding unmodified geometries. Two Polymer A modified and
unmodified beam specimens and three Polymer B modified and unmodified beam and gyroid
specimens of each geometry were tested to observe the effect of the added porosity on specimen
strength and crack behavior.
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Figure 2: (a) Solid model of the modified-gyroid specimen for 4-point bend testing. (b) Additively
manufactured, 316L specimen with the modified-gyroid geometry for Charpy testing.

After the polymer specimens were printed in the four geometries, a 2.5 mm pre-notch was cut with
a Techcut 5 Allied High Tech Products saw in the location and orientation depicted in Figure 3.
The notch was sharpened with a razor blade to a total depth of approximately 3 mm to produce a
notch radius of approximately 5 μm.
Notched specimens were tested in four-point bending on a Test Resources load frame with a
Wyoming Test Fixtures Inc. WTF-SB-257, short-beam, 4-point bend fixture at a crosshead
displacement rate of 50 μm/s. The inner span of the bend fixture was 25 mm, and the outer span
was 75 mm. To ensure that the gyroid specimens uniformly contacted the bending pins and
therefore properly loaded in 4-point bending, thin strips of steel (thickness of 0.15 mm and width
of 8 mm) were added between the inner-span contact points following the methodology of a
previous successful study [134].
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During the bend testing, two-dimensional digital image correlation (DIC) was used to calculate
full-field displacements. Specimens were painted white and then speckled black. Images were
captured at a rate of 4 Hz with Flir Grasshopper3 digital cameras and an Edmund Optics 240 mm
lens with a resolution of 24 um/pixels. Strain calculations were performed in Vic 2D from
Correlated Solutions, Inc. with Gaussian weights, a step size of 5 pixels, a strain window of 5
subsets, and a subset of 29 pixels to create a virtual strain gage of 21 pixels and a spatial resolution
of 49 pixels following [135].
Strain-energy release rate (G) was used to measure fracture toughness of the 4-point bend
specimens. In some specimens, the propagating crack branched 90º from the mode I path to go
along the plane of pores. The branched crack’s stress-intensity factors in mode I (KI) and in mode
II (KII) were calculated with Equations 2 and 3 [113,130].
K I Th −3/2
=

K II Th −3/2
=

1 
c
0.706 + 3.68 

c
h
1− 
h
c
1 
0.844 + 2.32 

c
h
1− 
h

K I 2 + K II 2 =
E 'G

(2)

(3)

(4)

T is the moment acting on the specimen per unit thickness; c is the depth of the branch, and h is
the height of the specimen, Figure 10. KI and KII are combined via Equation 4 to calculate G of a
crack at the ends of a branch arm. E’ is the modulus of elasticity for plane strain. Both KI and KII
are used to calculate the energy state at the branched crack tip because beam theory postulates that
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mixed-mode conditions will be present at the tip of the deflected crack due to lack of perfect
symmetry or antisymmetry [113].

Figure 3: Four point bend specimen where crack was diverted along the plane of pores. For energy
equations at the diverted crack tip, T is the moment acting on the specimen per unit thickness, c is the
depth of the branch, and h is the height of the specimen

4.2.2 Stainless steel material and test method
Gyroid specimens of 316L austenitic stainless steel (herein referred to as 316L, also known as
UNS S31600, Euronorm 1.4404) were also tested to examine toughening in a metallic system. The
metallic gyroids were manufactured with laser powder bed fusion (LPBF) on a 3D Systems
ProX200 printer. Details on the process parameters and resulting mechanical properties for the
316L specimens are provided in a previous study [87]. The modulus of this particular LPBF 316L
was ~206 MPa, with a yield strength of 400 MPa and an ultimate tensile strength of 575 MPa.
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For the 316L 4-point bend gyroids, a 2.5-mm depth was cut with a 50 μm diameter wire via micro
wire electrical discharge machining. While the geometry for the 4-point bend testing was otherwise
identical to that described for the polymeric materials, the as-fabricated 316L gyroid specimens
had a higher relative density of 26%.
Due to limitations in the ability to measure fracture toughness in the more ductile 316L beam
specimens, toughness was also evaluated for the 316L gyroids by using Charpy impact testing. In
contrast to the 4-point bend geometry, Figure 2a, the Charpy specimens were 65 mm (20 cells)
long, 13 mm (4 cells) wide and 13 mm (4 cells) tall, as shown in Figure 2b. Charpy tests were
performed on the modified and unmodified variations of 316L gyroids with a SATEC impact
tester, model no. S1-1C using the lower range of 0-100 ft-lbs. For the Charpy specimens, a Vnotch was broached into the gyroid specimens following ASTM E23 [30]. Unlike the 4-point bend
specimens, the Charpy geometry only permitted two layers of pore interfaces rather than four,
although the pores in the modified Charpy gyroids were still sufficient to demonstrate substantial
toughening compared to the unmodified gyroid geometry. One unmodified and modified 316L
bend specimens and three unmodified and modified Charpy specimens were tested each.

4.3.

Results

4.3.1 Pore toughening in polymer solid beams
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Figure 4: DIC strains of Polymer A and Polymer B solid beams with four planes of 0.75 mm pores before
and after initial crack propagation. Vertical pairs of images are the 𝜀𝜀𝑥𝑥𝑥𝑥 (top image) and 𝜀𝜀𝑥𝑥𝑥𝑥 (bottom
image) strain fields at the same load. All pictures are the same scale.

During loading of the unmodified beams, both Polymer A and Polymer B exhibited unstable crack
propagation and failed catastrophically. During loading of the modified beams before crack
propagation, both Polymer A (Figure 4a,b) and Polymer B (Figure 4e,f) exhibited similar strain
fields with a concentration of εxx tensile strain and εxy shear strain around the crack tip. The planes
of pores perpendicular to the introduced notch can be identified by the horizontal concentrations
of shear strains (Figure 4b,f). Strain concentrated at the pores as indicated by the εxy fields.

Both modified Polymer A specimens had branching cracks along the plane of porosity and
experienced similar behavior. The results will focus on the specimen in Figure 4a-d as behavior
was representative of both specimens. When the displacement of the modified Polymer A beam
reached 0.95 mm, a crack initiated from the pre-notch and branched 90° along the first plane of
pores. The 𝜀𝜀𝑥𝑥𝑥𝑥 strains in Figure 11c showed that the neutral axis of the beam shifted up ~3.3 mm

and that the remaining ligament behaved as an unnotched beam in bending. Upon further loading,
the specimen displaced an additional 7.55 mm and reached the maximum displacement capacity
of the test system without further fracture. Overall, the crack branching along the interface

dramatically increased the toughness of the Polymer A modified beam by changing the loading of
25

a notched, thick beam into the loading of an unnotched thinner beam. Quantitatively, this crack
deflection translated to a five-fold increase (i.e., 0.60 kJ/m2 vs. 3.16 kJ/m2) in G as shown in Figure
5.

Initially, both beams followed a similar curve, but when the unmodified beam failed

catastrophically, the modified beam experienced crack blunting and continued to increase G.
Two of the three modified Polymer B beams arrested the crack at the last plane of pores. The third
specimen experienced unstable crack growth before reaching the interface leading to catastrophic
failure. The following results discuss the behavior of the modified Polymer B beam pictured in
Figure 4e-h, but are representative of both modified specimens that successfully arrested the
propagating crack. When the modified Polymer B beam was displaced 0.34 mm, a crack initiated
from the pre-notch, propagated past the first three planes of pores, and arrested at the last plane of
pores as shown in Figure 4g,h. The specimen failed catastrophically when further displacement
reached 0.64 mm. In comparison to the modified Polymer A beam, the modified Polymer B never
transitioned into the unnotched loading of a thin beam. Hence, Polymer B exhibited improved
toughness from crack arrest at the added plane of pores but still failed. As compared to the
unmodified Polymer B, this behavior translated to a two-fold increase in energy release rate (i.e.,
0.23 kJ/m2 vs. 0.49 kJ/m2). This was substantially lower than the five-fold increase seen in Polymer
A but was still significant.
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Figure 5: Energy release rate of (a) Polymer A and (b) Polymer B for both modified and unmodified solid
beams. Open symbols indicate loading of an arrested or branched crack after initial crack propagation. X
indicates the energy release rate at failure.

The G vs displacement curves for the unmodified and modified Polymer A and Polymer B beams
are shown in Figure 5. The green markers are the G of the unmodified beams, and the black
markers are the G of the modified beams. The open black symbols indicate loading of the modified
beam after the crack had initially propagated and arrested or branched along the interface. After
the crack interacted with the interface and either arrested at or deflected along the interface, the
energy release rate was calculated using Equation 4. There is a rapid advancement in displacement
when the crack suddenly propagated forward and interacted with the interface causing a
discontinuity between the open and closed symbols.
Both materials experienced toughening due to the planar porosity, but the mechanisms of crack
propagation differed. In the Polymer A modified beam, the crack branched a full 90° and
essentially transitioned to the bending of an unnotched beam. In the Polymer B modified beam,
however, the crack merely arrested without branching after passing three planes of pores. The
difference in toughening mechanisms can be rationalized via fracture mechanics. Models for
determining whether a propagating crack will deflect along an interface are generally dependent
on either the toughness of the matrix and interface (energy-based criterion) [113] or a combination
of toughness and normal strength (cohesive zone model) [136,137]. For an interface to be weak
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enough to promote a shift from mode I fracture to mode II fracture, the energy-based criterion
theorizes that there needs to be a four-fold shift in the energy release rate across an interface [113].
This energy release rate scales with stiffness (E) and applied stress (𝜎𝜎∞ ), Eq. 5, which differed

substantially between the two materials. The higher energy release rate of the Polymer A matrix
met the necessary threshold between the energy release rates of the matrix and interface to cause
the crack to branch. The Polymer B modified beam, with a higher stiffness, did not meet the
interfacial threshold for branching and likely forced the crack to propagate in a more overdriven
manner, often seen in brittle materials [138]. Essentially, the crack propagated past the initial three

planes of pores until enough energy was released, thus allowing the pores to blunt the crack and
arrest it at the final layer of pores. Therefore, even in a wider specimen with more interfaces, the
crack would likely arrest at the interface but not branch for Polymer B.
G∝

σ ∞2
E

(5)

Recent studies however have shown that the cohesive zone model is a more accurate prediction of
when a crack will deflect along the interface, changing the dependence from a four-fold energy
release rate difference to a function dependent on both energy release rate and material normal
strength [136,137]. Both the energy-based criterion and the cohesive zone model however assume
an infinitely thin interface with no pre-existing flaws [113,136,137]. Adaptations to the cohesive
zone model [139] and energy-based criterion [140] have modeled interfaces with a finite thickness
motivated by the large displacements composite materials can experience before failure nullifying
the small displacement criteria of the infinitely thin interface assumption. The updated energybased criterion is able to consider geometrically complex interfaces and nonlinear strain fields
within the interface [140]. These adaptations however still assume an interface without pre28

existing flaws or stress concentrations.

A recent study showed that modifications to pore

geometries could even serve to asymmetrically toughen a material, elucidating future possibilities
for toughening via planes of pores as well as revealing future delamination criteria needs [141].
4.3.2 Pore toughening in a polymer gyroid metamaterial
Recall that the modified solid beam of Polymer A exhibited so much toughening that the test could
not be completed. In contrast, the modified solid beam for Polymer B did exhibit improved
toughening as compared to the unmodified beam for Polymer B but ultimately failed due to an
overdriven crack. Hence, we next focused on further improving the fracture toughness in Polymer
B by incorporating porosity on two different length scales. We again considered the additional
planes of porosity but also the gyroid topology. The gyroid typology should further enhance the
fracture toughness because of its undulating surface [42]. Basically, the undulating surface
increases the length that the crack must travel and so increases the specific toughness and G. Also,
the crack must change direction to follow the gyroid geometry, so maybe more energy-consuming
modes of crack propagation might be activated. When viewed from the side, the gyroid topology
appears to have channels, Figure 2b. While these features are actually saddle points rather than
true channels or spherical pores, numerical analysis of the gyroid surface has shown that these
features act as stress concentrations, creating weakened planes perpendicular to the direction of
loading [40,133,142].
When the unmodified Polymer B gyroid was displaced 0.75 mm, a crack initiated from the prenotch but quickly arrested. With increasing load, this cycle of initiation and arrest repeated as the
crack interacted with the complex curvatures in the gyroid topology. The crack remained
macroscopically straight on the mode I plane as it propagated through the gyroid.

At a

displacement of 1.03 mm, the crack reached the critical energy release rate and unstably
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propagated inducing fracture. The unmodified Polymer B gyroid reached a critical energy release
rate of 0.04 kJ/m2 (Figure 5b). Therefore, the gyroid topology alone was insufficient for branching
the crack along the interface.
Similar to the Polymer B beam, two of the modified polymer B gyroids failed catastrophically
without any crack-interface interactions. One specimen however displayed the crack branching
mechanism of interest, and this specimen, shown in Figure 6, was selected for further analysis.
When the mentioned modified Polymer B gyroid was loaded, the crack initially propagated in a
manner similar to that of the unmodified gyroid, remaining macroscopically straight along the
mode I plane. However, at a displacement of 1.23 mm, the crack reached the first interface and
then branched 90° along the interface, achieving the interfacial fracture not seen in the modified
Polymer B beam. With continued loading, the crack stably grew intermittently along the interface
until reaching a channel bisecting the interface. The crack tip was then contained and then blunted
within the channel, Figure 5a. When the gyroid was loaded to a displacement of 1.70 mm, a new
crack initiated at the saddle point and propagated catastrophically. The modified gyroid reached
a critical energy release rate of 0.12 kJ/m2, which was three times that of the unmodified sample,
Figure 5b. Therefore, both the gyroid topology and the planar porosity were necessary to branch
the crack as neither feature alone worked.
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Figure 6: (a) Propagating crack in Polymer B modified gyroid branched 90° along the plane of pores. A
channel inherent in the gyroid topology eliminated the crack. (b) Energy release rate of Polymer B
modified and unmodified gyroids. Open symbols indicate when the crack branched along the interface.

In the Polymer B modified solid beams, the interface was not able to create a sufficient difference
in stiffness between the matrix and interface to achieve interfacial toughening. Incorporating the
interface at an inherently weak plane in the gyroid created an interaction effect between the stress
concentrations inherent in the gyroid and the stress concentrations of the added plane of pores. The
superposition of these two mechanisms increased the difference in the energy release rate between
the interface and matrix to achieve the necessary threshold for interfacial fracture. The plane of
pores now acted as a crack redirection mechanism instead of simply a crack arrest toughening
mechanism. The crack was directed to propagate into a naturally occurring feature in the gyroid,
eliminating the crack. This is similar to drilling a hole at a crack tip to reduce the magnitude of
the stress intensity [143]. This interaction between the interface and the gyroid geometry was
quantifiable where the modified solid beam Polymer B was toughened by a factor of two, the
modified Polymer B gyroid was toughened by a factor of three. More so, interfacial fracture at the
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first interface was achieved in the modified Polymer B gyroid that was not observed in the
unmodified Polymer B gyroid or the modified Polymer B solid beam.
4.3.3 Pore toughening in a steel gyroid metamaterial
Section 3.1 demonstrated that the properties of the base material had a strong effect on fracture
toughness. To determine whether the toughening seen in the modified gyroid metamaterial was
limited to brittle base materials, unmodified gyroids and modified gyroids additively manufactured
of 316L were tested.
For 316L, the crack in the modified gyroid and unmodified gyroid initially propagated in stable
manners with a macroscopically straight mode I crack. With continued loading, the crack in the
unmodified gyroid continued to stably grow, Figure 7a,b. When the crack in the modified gyroid
reached the first interface, the crack branched and grew in both directions along the interface until
the cracks reached the channels bisecting the interface, Figure 7c,d. A post-mortem dissection of
the modified gyroid showed that the crack successfully branched 90° along the interface, Figure
7e. Similar to the modified Polymer B gyroid, the modified 316L gyroid benefitted from an
interaction between the planar porosity and the gyroid’s channels. However, a distinct difference
between the brittle Polymer B and ductile 316L base material is that the crack in the Polymer B
gyroid branched in only one direction while the crack in the 316L branched in both directions
perpendicular to the interface. This served to distribute the stresses from further loading between
both channels, increasing the energy that could be dissipated in the 316L gyroid.
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Figure 7: Crack behavior in 316L unmodified (a,b) and modified (c,d) gyroid. Added planes of pores
caused the crack to branch along the interface. (e) Post mortem fractographic dissection of 316L modified
gyroid where crack branched 90° into plane of porosity.

Due to the ductility of 316L, 4-point bend tests were not able to be taken to failure, so valid Gc
measurements were not obtained for either gyroid. Instead, the crack-mouth-opening-displacement
(CMOD) versus crack length (a) of both tests is reported in Figure 8 to quantify the change in
crack behavior between the modified and unmodified gyroid up to the point the test was halted.
The crack length and CMOD of the unmodified gyroid continued stepping up with increased
displacement. In contrast, once the crack branched in the modified gyroid, the CMOD but not the
crack length continued to increase with subsequent loading as shown by the vertical asymptote at
a = 6.9 mm.
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Figure 8: CMOD versus crack length of 316L gyroids. Open symbols indicate loading of an arrested crack
after initial crack propagation. When the crack in the modified gyroid reached the interface the CMOD of
the gyroid increased with continued loading without an increase in crack length.

Charpy experiments were additionally employed on modified and unmodified steel gyroids to
measure toughness values. The average Charpy toughness of the modified gyroid was 42 N-m as
compared to 34 N-m for the unmodified gyroid. Significantly, all modified gyroids did not
completely fracture yet remained in one piece due to crack branching along the interface as shown
in Figure 16a,b. The added interface provided an increased toughness of 22% for the modified
gyroid. The toughness values for each specimen are shown in Figure 9c.

Figure 9: Charpy tests of (a) unmodified gyroid and (b) the modified gyroid (c) demonstrated that the
planar porosity increased the fracture toughness.

4.4.
Discussion: Implications of interfacial toughening in
additively manufactured solids and metamaterials

The results herein show that architected porosity offers significant potential for effective
toughening of additive materials and structures. Toughness increased 20% to 300% depending on
the material and metric. A factor of three improvement in fracture resistance is remarkable for any
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material system, especially considering that this toughening was the result of a minor topological
change. Perhaps even more remarkable were qualitative observations of immutable crack arrest
and terminated tests that could not be taken to final fracture. In both bending beam and Charpy
fracture tests, some modified geometries could not be driven to final failure, whereas the
corresponding unmodified geometries broke catastrophically at relatively low driving forces. This
feature of crack arrest can serve as an important element in the bend-before-break design approach,
allowing stable, detectable deformation of a structure prior to catastrophic failure [144].
Topological toughening of metamaterials via mesoscale porosity provides an additional degree of
freedom for the design of structural metamaterials. Traditionally a metamaterial design was a
function of base material, cell topology, cell size, and relative density. The ability to add interfaces
expands the design features for targeted toughening and allows more complex toughening
strategies with architected porosity. This would be particularly useful in intricate component
geometries or complex multiaxial boundary conditions by developing predetermined directions of
crack growth with the assistance of predictive plasticity models and modified deflection models.
Such non-linear topology optimization for the fracture, while admittedly not trivial, is a subject of
ongoing research [145]. The placement, size, shape, and proximity of the voids in this study were
not derived theoretically or through simulation but based on design intuition with the intent of
creating a weakened interface. Hence, the present work largely serves as a proof of concept of
substantial toughening, but in the absence of a design/optimization approach, intuition-based
placement of porosity may lead to an unintended degradation in properties. The employment of
hierarchical porosity will benefit from parallel computational efforts to reduce the number of
empirical build-and-test experimental trails.
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While the mechanism of crack growth behavior varied with the base materials, these tests
sufficiently showed that planes of pores could create directional interfaces to manipulate crack
propagation and improve the toughening of a solid material. Designing components toughened by
planes of pores is dependent on anticipating the loading type and direction that the component will
experience in use. Interfaces parallel to the direction of crack growth would have caused
accelerated propagation, acting as perforated lines for a fast, catastrophic fracture [146]. In
composite materials, weak interfaces even 10° off perpendicular can cause an order of magnitude
drop in the material strength at fracture [147]. However recent work on toughening glass by adding
weakened planes was able to increase the material toughness by introducing angled cracks and
curved channels to redirect crack growth [148]. Clearly base material plays a role in the
deformation mechanisms activated, thus designing interfaces in a component becomes a
multifaceted optimization problem considering loading conditions, knowledge of existing stress
concentrations, and probable crack initiation sites. Revisions to deflection criteria are needed to
consider the effects topology and relative density including metamaterial topology and density,
interface density, and pore geometry.
Current technological limitations restrict the widespread adoption of such designed toughening
techniques. Stochastic porosity is a well-known issue when it comes to additively manufactured
materials, increasing the difficulty of consistently controlling a propagating crack due to the
possibility of interactions between purposeful and manufacturing defects [149–151]. The effect of
porosity has been observed in high throughput testing of additively manufactured specimens,
showing significant variation in their mechanical response even within a build plate [152]. The
same phenomena is heightened in lattice structures due to their thin/narrow features, leading to a
disparity in yield stresses and failure locations [50]. The presence of manufacturing-induced
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residual stresses exasperates this concern as there may be areas throughout the material prone to
accelerating the propagating crack, leading to unstable fracture [150]. This unstable crack growth
was observed in this study as the crack growth accelerated past the planes of pores in Polymer B.
The strategy of toughening via designed porosity will become more viable as additive
manufacturing processes continue to mature, decreasing the amount of detrimental defects present.
Meanwhile the design of topologically toughened metamaterials must be carefully adapted for
individual additive manufacturing processes to prevent avoidable pitfalls.
Sheet-based metamaterials are uniquely ideal for interfacial toughening via the addition of porosity
compared to strut- or skeletal-based metamaterials as the addition of a pore larger than the strut
size of a strut- or skeletal-based metamaterial equates to a missing strut rather than a pore capable
of blunting a crack. The undulating surface of sheet-based metamaterials, specifically the gyroid,
also increases the length of material the crack must travel through between planes of pores while
keeping the distance between the planes unchanged. This increases the amount of energy released
before the crack reaches the next plane of pores in an effort to prevent an overdriven crack from
bypassing the interface without interacting with it. The sheet based periodic metamaterial also
changes the traditional metamaterial fracture toughness problem from a rupture strength problem
to a propagating crack front problem where the crack is continuously propagating through the
material [42,127].

Changing the method of crack propagation allows more control on

manipulating the crack path as the crack tip continuously interacts with the complex gyroid surface
whereas with strut-based metamaterials the crack front does not truly interact with the structure
until the rupture strength of the strut ahead of the crack tip is reached [128,153]. While the gyroid
surface metamaterial was chosen for this study, several sheet-based topologies have been identified
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in literature in addition to the gyroid-surface that could support added interfaces via planes of pores
[133,142].

4.5.

Conclusion

This study demonstrated the utility of architected porosity as a fracture-control mechanism.
Moreover, assessing both brittle and ductile materials revealed that the mechanisms by which this
toughening can occur are material-dependent. Such porosity is traditionally considered a
weakening defect, yet the current results demonstrated improved fracture toughness of solid
materials up to a factor of four and metamaterials by factors of three even in the absence of
optimized topological placement. The implementation of this technique is not dependent on a
certain base material attribute but the base material will control what toughening mechanism is
activated.
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5. The Anisotropic Yield Surface of Cellular
Metamaterials
Mechanical metamaterials are known to have tension and compression asymmetry [154] as well
as anisotropic behavior dependent on the orientation of the topology when loading due to lack of
rotational symmetry of many topologies [12]. Additional studies of metamaterials have found the
shear strength of metamaterials to be significantly less than that of the uniaxial strength [155].
Due to this, metamaterials have a complex, non-trivial yield envelope that is crucial for engineers
to understand to design metamaterial components with confidence. Novel pure shear grips have
been designed and fabricated for this study and a peer reviewed conference proceeding has been
published on the fabrication and validation of this grip design [155]. Four cellular material
topologies were chosen to determine the effect of topology, particularly stretching and bending
dominated topologies, on the yield surface of a metamaterial. With these data points an initial
Mohr’s circle yield envelope was fit to the data and a second peer reviewed conference proceedings
was published with these results. Work was then continued to validate the chosen yield criterion
with mixed-mode experimental tests and metamaterials with an increased relative density. This
study has been driven by my advising of undergraduate students through a Creative Inquiry at
Clemson University for cohorted-engineer fellows as part of a National Science Foundation grant,
Student Pathways in Engineering and Computing for Transfers.

5.1.

Novel Shear Cellular Material Experiments

5.1.1 Introduction
Cellular materials are used in a variety of applications due to their ability to absorb energy
[156,157], high specific strength [158,159] and controllable materials properties such as
Poisson’s ratio [159–161], toughness and yield strength [12]. Similar to foams, when cellular
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materials experience low velocity impacts, the material will experience shear loading [162].
However, the pure shear behavior of cellular materials has not been sufficiently studied
experimentally, because most grip systems used in shear tests of cellular materials introduce a
transverse constraint that adds a tensile component to the shear test [35,163–167]. Most
experimental studies of shear in cellular materials use a three bar double shear test [163,166] or
an offset grip single shear test [167], shown in Figure 10. Due to the nature of these grips, the
width of the specimen is kept constant. This constraint in the horizontal direction adds a tensile
component to the specimen, creating a combined shear and tension test, demonstrated in Figure
11. This combined loading artificially strengthens the specimen as the cellular material is
stronger in tension then shear loading. In solid materials, this tensile component can be assumed
negligible, however in cellular materials, due to the stress concentrations at beam intersections,
small tensile loads will have a large impact on the shear failure strain of cellular materials [30].

Figure 10: (a) Three bar double shear and (b) offset grip single shear test setups commonly used in
shear tests for cellular materials introduces a horizontal constraint that adds a tensile load to test
specimens.
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Figure 11: The difference in deformation of pure shear and combined shear and tension applied loads.
The added tensile component in the combined shear and tension artificially strengthens materials
stronger in tension.

While the limitations of current cellular material shear deformation grip designs has been
discussed in literature [163,167], a grip design has not been adopted that is capable of true pure
shear applied loads. Current experimental studies of cellular materials tested in pure shear
continue to be combined loading, with the tensile component included [164,166]. Additionally,
most numerical studies of shear loading of cellular materials also constrain the height of the
specimen as to maintain the same loading conditions of experimental studies [35,165,166,168].
Due to this, the magnitude of the effect the applied tensile load has on the cellular material
cannot be quantified through a review of the literature. In this study, traditional offset single
shear grips and novel grips that do not constrain the transverse deformation of the cellular
material were compared to quantify the effect of induced tension on the shear failure strain of
cellular materials. These results were validated through finite element analysis via a
collaboration with Shubam Kulkarni, a fellow PhD student in the mechanical engineering
department at Clemson university. The finite element results are not discussed during this
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dissertation but were featured in the peer-reviewed conference proceedings submitted on this
work.
5.1.2 Methods and Materials
Honeycomb specimens were additively manufactured (AM) by fused deposition modeling
(FDM) using AmazonBasic acrylonitrile butadiene styrene (ABS) white 1.75 kg spool filament
in a Makerbot Replicator 2X. AM specimens were printed using a 0.4 mm nozzle, a nozzle
temperature of 250 °C, a bed temperature of 110 °C, a layer height of 0.2 mm, and a print speed
of 90 mm/s. The honeycomb shear specimens were ten cells tall and five complete cells wide
with a wall thickness of 1.2 mm, a cell width of 4.35 mm and a total specimen thickness of 3.75
mm, producing a shear specimen with an effective area of 86.4 mm2 using the method to
calculate effect area discussed in [12]. After printing, the honeycomb specimens were polished
with P120 grit sandpaper up to P1500 grit sandpaper.
Traditional offset single shear grips, referred to as the fixed-fixed grips in the study, were
designed for the honeycomb shear specimens that kept the width of the specimen constant
throughout testing, as can be seen in Figure 12a, inducing mixed loading on the specimens.
Novel grips, referred to as the sliding-fixed grips (Figure 12), were designed with a channel that
allowed the grips to translate in the transverse direction during the test. A machinist at Clemson
University manufactured both grips out of 316L stainless steel. A plastic shim with made of
poly-lactic acid with an approximate coefficient of friction of 0.25 [169] was added to the
channel of the sliding grips to minimize sliding resistance in the grip.
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Figure 12: a) Offset single shear fixed-fixed grips. The width of the specimen is maintained throughout
the shear test, inducing a tensile load on to the cellular material. b) Novel sliding-fixed grips that allow
the grips to translate in during the test to eliminate the applied tensile load seen in the offset grips.

The grips were loaded in tension, thereby loading the cellular specimen in shear. The cellular
shear specimens were tested to failure in two grip combinations: fixed-fixed and sliding-fixed.
Experiments were performed as displacement-controlled at a displacement rate of 30 μm/s using
an MTS Landmark 370 hydraulic load frame. A dual camera system was used for a multiscale
understanding of the deformations. One camera was focused on the deformation of a single
cellular unit cell while the other captured the global deformation of the entire specimen. Both
cameras were Point Grey model GS3 and captured images at a rate of 1 Hz. Digital image
correlation (DIC) was used to calculate the strains in the legs of the specimens during
deformation. The camera capturing the deformation of a single unit cell was positioned directly
in front of the specimen and was equipped with a Navitar lens and a Navitar 1X adaptor with a
resolution of 120 pix/mm. The camera capturing the global deformation was positioned next to
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the first camera, slightly offset from the specimen and was equipped with a Schneider Kreuznach
Xenoplan lens model 1001960. Images were used to calculate the full field displacements and
strains using the commercial DIC software, VIC 2D. Strain calculations were performed with a
virtual strain gage of 101 and a spatial resolution of 121 following the procedure outlined in
[135]. Before testing, specimens were mechanically polished and speckled using an Iwata
Custom Micro airbrush model CM-B2 and opaque black Testors Aztek airbrush paint, 9441A.
5.1.3 Results and Discussion of Cellular Material in Novel Grips
Fixed – Fixed Grips
Honeycomb specimens were tested to failure in the fixed-fixed grips. The specimens deformed
in one of three manners. The first distinct way specimens failed was a uniform deformation of
the entire specimen where all of the unit cells of the specimen would transform from hexagons to
rotated rectangles as seen in Figure 13b. This uniform deformation is the deformation method
captured by the simulation. During this deformation, plastic hinges formed at the intersections of
the cell walls, as indicated by the large local shear strains shown in Figure 14.
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Figure 13: Honeycomb offset single shear specimen. Specimens failed in three distinct manners. a)
Undeformed specimen. b) Uniform deformation: all hexagonal unit cells transform to rectangles with
applied global shear loading. c) Deformation of cells at grip: Minor uniform deformation of hexagonal
unit cells, horizontal cell wall grip fails, initiating immediate failure in entire column at wall. d) Major
deformation in one column of cells in the specimen, other cells in specimen only experience minor
deformation. Camera is offset, not square to specimen, to allow the camera capturing the close up unit
cell deformation to be square. This is causing an optical illusion suggesting the specimen is deforming
out of plane; it is not.

Figure 14: Plastic hinges formed at joints, as indicated by the large local shear strains, of the cellular
material as the unit cells deformed from hexagons to rotated rectangles during global shear deformation

The second and third deformation modes involved the honeycomb failing at a single column.
The specimen failed in a single column either at the wall of the specimen, Figure 13c, or at a
column in the center of the specimen, Figure 13d. When the specimen failed at the column at
the wall of the specimen, as seen in Figure 13c, the hexagonal unit cells did not deform to the
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degree seen in the uniform deformation case, Figure 13b. Instead the horizontal walls in the
column attached to the specimen wall would develop plastic hinges and fail [30]. As often seen
in cellular materials, when one wall or unit cell fails, the sudden increased loads on the
neighboring cell walls leads to plastic collapse of the cellular material where the surrounding
walls fail and the material fractures along a row of cells [30,154,166,170]. Similarly, this
deformation method can occur in a column not adjacent to the specimen representing the third
deformation method, as in Figure 13b. This occurs when one column deforms to a greater degree
than its surrounding columns, so that the originally horizontal walls of the cells in the center
column of the specimen rotate as the specimen is deformed, however the neighboring columns
experience noticeably less deformation. The failure in one cell wall of the specimen that leads to
the plastic collapse of the entire column is due to a stress concentration that causes the lack of
integrity of that cell wall. In AM materials internal voids and printing defects will introduce
stress concentrations throughout the build. These introduced stress concentrations during the
build process explain the variation in the performance of the cellular specimens. Additionally
noticeable crazing is present at the plastic hinges that develop as the cellular specimen deforms,
further deforming areas with already pre-existing stress concentrations [151]. The variability in
deformation modes between the specimens could be due to variation of defects from printing
between the specimens. The surface of each specimen was polished to minimize the effects of
surface flaws, however the inner wall of each honeycomb was not polished and surface flaws
could have been present at the hinge points in the specimens. Flaws that are inherent in
additively manufactured materials was not accounted for in the simulation which accounts for
why the honeycombs specimens in the fixed-fixed grips deformed one of three ways, but the
simulation only deformed uniformly.

46

Figure 15: Strain transformations aligning with cell wall 30° CW off vertical of uniformly deformed
offset single shear specimen

Figure 16: Strain transformations aligning with cell wall 30° CW off vertical of uniformly deformed
offset single shear specimen
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Strains calculated through DIC were rotated using the strain-transformation equations in
Equations 1-3 to align with the angled cell walls of the honeycomb in the cellular specimen,
Figure 17, using a MATLAB program. The rotated strains for the uniformly deformed
specimen, Figure 13b, shown in Figure 15 and Figure 16. This allows for better understanding
of the strains experienced by each cell wall.

𝜀𝜀𝑥𝑥 ′ =
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Figure 17: Strains calculated through DIC corresponding to the Y and X axis transformed to align with
angled arms of honeycomb to the Y', X' and Y", X" axes

In the case where the cellular material deforms in a uniform manner, Figure 13b, as the
honeycomb unit cells transitioned to rotated rectangles, all of the cell walls experience a positive
tensile load. As the rotated rectangle is lengthened, the “long edges” of the rectangle are
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straightening due to the tensile component of the mixed load induced onto the cellular material
by the grips. Additionally the cell walls that make up the “long edge” of the rectangle begin to
bend to resist this deformation, as indicated by the large shear forces in the “long edge” walls in
Figure 15c. As the honeycomb unit cell transitions to the rotated rectangle, a Poisson’s effects of
the rectangle narrowing causes the “short edge” of the rotated rectangle above and below to be
loaded in tension as it resists this movement as indicated by the positive tensile loads in the
“short edge” walls in Figure 16a. Additionally, plastic hinges form along with visible crazing at
the triple junction in the middle of the “long edge” of the rectangle internal to the rectangle as the
hinges are plastically deformed, resisting this deformation.
The local shear strains of the fixed grips specimen show that the specimen is developing
plastic hinges where two arms intersect as well as the arms of the specimen are bending. The
formation of hinges is the dominate behavior, evidenced by the larger strains at the hinges as
well as the eventual failure of the specimen at the hinges. As the specimen is loaded in shear, the
transformation of the hexagonal honeycomb shape to rotated rectangles compresses the sides of
the hexagon that form the long edge of the rectangle as well as the short end of the rectangle due
to Poison’s ratio as shown by the negative 𝜀𝜀𝑦𝑦𝑦𝑦 ′ and 𝜀𝜀𝑦𝑦𝑦𝑦 ′′ strains.
Sliding-Fixed Shear Grips

When the honeycomb specimens were tested in the novel sliding grips, the specimen failed in a
near pure shear deformation behavior, shown in Figure 18. The tensile component the sliding
grips induced on the specimen was only due to sliding friction and was lower than the fixed
grips. In the sliding-fixed grips, the center column of honeycomb cells failed in shear, however
the surrounding cells did not transform into the rotated rectangles seen in the fixed grip
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specimens. A comparison of the final deformation appearance of the sliding grips and fixed
grips is shown in Figure 19.

Figure 18: Shear deformation behavior of honeycomb specimen in new grips. (a) Specimen before
loading (b) Specimen at maximum shear load, single row of cells failed in shear

Figure 19: Comparison of deformation behavior of (a) sliding and (b) fixed grips. The fixed grips with
grip-induced tension stretch cells between the grips forcing cells to transform into rotated rectangle
geometries. Sliding grips do not stretch cells between grips causing the middle row to fail in a pure shear
manner while neighboring cells do not transform.

The stress-strain response of the honeycomb specimens in the sliding grips are shown in Figure
20. The sliding grip specimens failed at a significantly lower stress and strain then the fixed grip
specimens. This is because the honeycomb cellular specimens are stronger in tension then in
pure shear. When the specimen deformed in the fixed grips, the grips cause the specimen to
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stretch between the grips. This causes all of the honeycomb cells to expand and transform into
rotated rectangles. In the sliding grips, the honeycombs did not stretch between the grips and
therefore not all of the joints in the honeycomb became plastic hinges, instead only the joints of
the horizontal beam that sheared formed plastic hinges. The deformation caused very localized
straining to occur on those few joints instead of distributing the strain throughout the entire
transforming honeycomb as occurred on the fixed grip specimens. Mixed axial and shear
loading causes the honeycomb specimen to fail at a yield strength approximately twice as large
as pure shear loading and drastically increases the ultimate strain. Previous studies that have
reported results as purely shear that were actually mixed shear and tension may have misreported
the ultimate strength of the cellular material by half or more.

Figure 20: Stress-strain response of fixed and sliding grips. The fixed grips caused a combined loading of
tension and shear on the honeycomb specimens. The combined loading artificially strengthened the
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honeycombs, as they are stronger in tension then in shear. The sliding grip tests illuminated that
honeycomb cellular material is not as strong in shear as the fixed grip test results would otherwise
indicate.

Local strains of the sliding grip honeycomb oriented with the angles axes of the honeycomb are
shown in Figure 21. Plastic hinges form at the top left and bottom right of the horizontal beams.
The high localization of strain in those few hinges leads to the early failure compared to the fixed
grip specimens where the arms of the honeycomb experienced axial strains in addition to plastic
hinging, Figure 15 and Figure 16. Deforming the honeycomb arms axially in the fixed grips as
well as rotating the arms decreased the deformation experienced directly by the plastic hinges.
Distributing the applied load throughout the honeycomb specimen in the induced tension grips
allowed the honeycomb specimen to reach a higher ultimate strength as well as a larger ultimate
global strain before failure due to the deformation of all or many of the honeycomb unit cells.
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Figure 21: Local strains of the sliding grips oriented with the angled axes of the honeycombs. Plastic
hinges, indicated by high local strains, formed at the top left and bottom right of the horizontal beam, the
location where the beam will ultimately fail

5.1.4 Conclusion
Traditional cellular material shear tests add a tensile component to the cellular materials. While
previously assumed negligible, this study showed that the added tensile force artificially
strengthened honeycomb cellular materials. Honeycomb cellular materials are stronger in
combined tension-shear then pure shear. Under combined loading the entire honeycomb cell
transformed to a rotated rectangle, distributing the strain throughout all of the honeycomb cells.
In pure shear loading, the only part of the cell that deformed was plastic hinges on either side of
the horizontal arm of the honeycomb and only the cells in a single column developed plastic
hinges, not allowing the strain to be distributed the rest of the cells. Honeycomb cellular
material in combined loading is about twice as strong as honeycombs in pure shear, showing that
previous studies may have over reported the strength of honeycomb cellular materials in shear.
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5.2.
The Experimental Determination of a Cellular Material Yield
Surface

The goal of this study was to determine the effect of topology, particularly stretching and bending
dominated topologies, on the yield surface size and shape. Mohr’s criterion was chosen for this
study as it was designed to handle tension-compression anisotropy and the failure envelope can be
determined with three tests: tension, compression, and pure shear [171].
5.2.1 Methods and Materials
Four cellular metamaterial topologies of interest were AM by fused deposition modeling: a
traditional honeycomb, an auxetic honeycomb, a triangular, and a circular topology. Topologies
were modeled with a 5 mm unit cell and a 0.6 mm wall thickness and were printed on a Dremel
3D45 printer using Dremel Eco-ABS white filament [172]. Each topology was tested in two
orientations, deemed direction 1 and direction 2, where direction 2 is a 90° in plane rotation of
direction 1, Figure 22.
Specimens of all four topologies were tested in tension, compression, and shear to populate the
Mohr’s Circle. Three specimens of each type were tested in each loading condition and the yield
strengths calculated by a 0.02% offset were averaged. As the specimens yielded, the stress-strain
curves had a distinctly sharp change in slope at yield. To consistently report the yield strength as
indicated by the sharp change in slope, a 0.02% offset was used rather than the more traditional
0.2% offset. This approach has been adopted from [92], who first addressed the issue of strain
hardening in some topologies while reporting the yield of metamaterials.
Novel pure in-plane shear grips previously designed by the authors were used to ensure pure shear
during the shear experiments rather than a combined shear and uniaxial loading state [155]. To
validate the calculated yield surfaces, the honeycomb and triangle specimens were modified for
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mixed loading and two specimens were tested for various mixed loading profile and the averaged
results plotted on the yield surface.

Figure 22: Cellular material topologies tested with original orientation (σ1) and 90° rotation (σ2)

Uniaxial and shear experiments were performed in displacement control at a rate of 30 μm/s using
a hydraulic load frame for the shear specimens and a screw-driven load frame for the tension and
compression samples. Mixed loading shear-tension and shear-compression experiments were
performed on a custom made screw-driven biaxial load frame at the Pennsylvania State University
Behrend campus. Custom shear grips were made for the shear tests with a sliding base that
prevented an induced tensile load from being applied to the specimen. Previous work has identified
induced tensile loads as artificially revealing a higher shear strength in metamaterials [155].
Traditional torsional experiments to measure shear behavior could not be used to measure in-plane
shear strength necessitating the custom grips. A custom mixed loading grip was also designed with
two sliding bases to prevent a horizontal induced tensile load and to keep the specimen centered
during loading. The mixed loading test setup is shown in Figure 23.
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Figure 23: Validation experimental setup in the biaxial load frame. Grip is designed with two sliding
bases to enable deformation in shear while keeping the specimen centered during loading.

Digital image correlation was used to measure local and global displacements of the specimen
throughout the experiment and calculate the corresponding strain fields. A single camera captured
a 6-by-4 unit cell cross section of the center of each specimen during tests. The camera used was
a Point Grey model GS3 equipped with a Navitar lens and a 0.5X adaptor, and captured images at
a rate of 1 Hz. Images were used to calculate the full field displacement and strains using
commercial digital image correlation software, VIC 2D. Strain calculations were performed with
a virtual strain gage of 21 pixels2 and a spatial resolution of 35 pixels2 following the procedure
outlined in [135]. Global material properties were calculated using the area methodology outlined
in [12].
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5.2.2 Results
Yield Surfaces
Experimentally determined tension, compression, and shear yield stresses for each orientation of
the chosen topologies were plotted on a Mohr’s circle, shown for the honeycomb topology in
Figure 24a,b. The max shear line is calculated by plotting a linear line between the maximum
shear value of each Mohr’s circle. The max shear line is displayed in green in Figure 24a,b.
Although this calculated line crossed through the tension and compression experiment Mohr’s
circles, it results in a preferred, conservative yield envelope. As cellular materials are sensitive to
defects from the AM process, a conservative yield criterion was preferable. Using the Mohr’s
circles, an in-plane yield surface was created for each topology and overlaid in Figure 24c [171].
The two yield surfaces were collapsed to one surface for the material using all six experimentally
determined yield strengths to create a surface showing the full tension-compression-shear
anisotropy as well as the orientation specific anisotropy, Figure 24d. The yield surfaces for each
orientation are shown in Figure 25, where the top row is the yield surface for each orientation, the
middle row is the combined yield surface, and the bottom row is an image of the corresponding
topology.
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Figure 24: Honeycomb Mohr's Circle in a) 𝜎𝜎1 and b) 𝜎𝜎2 loading directions, c) the overlay of the 𝜎𝜎1 and 𝜎𝜎2
yield surfaces and d) the calculated full in-plane yield surface of combined 𝜎𝜎1 and 𝜎𝜎2 loading
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Figure 25: Yield Surface for the four topologies. Top row: Yield surface for each orientation. Middle
row: Full field surface for topology. Bottom row: Selected topology. Scale adjusted for the triangle
orientation

The decreased shear strength of these cellular materials resulted in a discontinuity at the pure shear
loading condition. The metamaterial was weaker in shear than would be expected from the
maximum-distortion-energy theory or the more conservative maximum-shear-stress theory [93].
This behavior was seen in every topology.
Topology Effects
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Figure 26: a) Shear stress-strain curves of selected topologies b) Strain maps of triangle in shear c) Strain
maps of honeycomb in shear d) Strain map of auxetic in shear

The stretching dominated triangle topology had the largest yield surface with a maximum tensile,
compressive, and shear strength of 21.1 MPa, -28 MPa, and 12 MPa, respectively, over the
honeycomb topology, which had the second largest yield surface, with a maximum tension,
compressive, and shear strength of 12 MPa, -11.9 MPa, and 7.4 MPa, respectively, Figure 26a.
The triangle topology is plotted on a different scale than the other topologies in Figure 25 due to
its greater strength. The increased strength of stretching dominated topologies over bending
dominated topologies has been well-documented in metamaterial research [14,20,173,174]. When
bending dominated topologies are strained, the struts rotate, Figure 26c,d, increasing the angles
between struts resulting in localized plastic deformation and buckling of a single strut, circled in
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red in Figure 26c, corresponding with the global yield of the specimen. Figure 26c,d were taken
after yield to illustrate the buckling cell wall. When a stretching dominated topology such as the
triangle is strained, the struts do not rotate as the bending topologies do, rather there is just a high
concentration of strains very localized at the strut junctions, even at low global displacements [20].
These strains in the triangle topology are circled in red in Figure 26b, taken at 0.5𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 .
The increased strength of the honeycomb topology in comparison to other bending dominated
topologies is due to the uniform deformation of the honeycomb unit cells. As the honeycomb is
deformed, plastic hinges form as the arms rotate, absorbing energy and increasing the toughness
circled in red in Figure 27a. Uniform deformation allows the plastic hinges to develop without the
stress concentration at any one plastic hinge becoming so large the metamaterial prematurely
fractures [12]. Figure 27 is shown after yielding to better illuminate the locations of strain and
plastic hinges within the topologies, but the onset of crazing at plastic hinges has been shown to
occur prior to yielding [12,175]. The circle topology does not have sharp corners for plastic hinges
to form. Additionally, the hourglass shape of each strut creates a local stress concentration in the
middle identified by the high strain circled in red in Figure 27b. The local stress concentration
leads to early fracture of individual struts lowering the yield stress as the specimen globally yields
when the first strut fractures, creating a smaller yield surface than the honeycomb topology. The
auxetic honeycomb also develops plastic hinges when loaded; however, the auxetic honeycomb
has a negative Poison’s ratio [160]. As the auxetic honeycomb is loaded in tension, the horizontal
struts are loaded in compression due to the negative Poison’s ratio (the struts in the honeycomb
topology are loaded in tension). The auxetic unit cells rotate when loaded to decrease the
compressive stress on the horizontal strut, changing the loading path and non-uniformly increasing
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the stress concentrations at the plastic hinges. The auxetic specimen yields when the plastic hinges
with the largest strain concentrations, such as that circled in Figure 27c, fracture.

Figure 27: Strain maps of bending dominated topologies, a) honeycomb, b) circle, and c) auxetic, in the
𝜎𝜎1 orientation under tensile loading, all figures the same scale

The triangle topology had the largest 1-2 orientation anisotropy with an 80% difference in tensile
strength and a 66% difference in compressive strength with the 2-direction showing higher strength
than the 1-direction in both loading conditions. When the triangle topology is loaded in the 1direction the axial load is primarily distributed among a third of the struts, the struts parallel to the
direction of loading. The positive axial load path is marked in red in Figure 28a and supported by
the concentration of positive strains along these struts shown in Figure 28c. When loaded in the 2direction, the axial load is distributed among the angled struts, Figure 28b, consisting of two thirds
of the struts in the topology as demonstrated by the positive strains in Figure 28d. This difference
in load distribution between the 1 and 2 orientations explains why the tension and compression
yield strength of the 2-direction is nearly twice the tension and compression yield strength of the
1-direction.
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Figure 28: Loading path for the triangle topology in the a) 𝜎𝜎1 and b) 𝜎𝜎2 orientations where c), d) local
tensile strain concentrated along indicated struts

Yield Surface Validation

Mixed loading validation tests were performed for the honeycomb and triangular topologies to
compare the calculated yield surface to experimental results of the complex loading regions of the
surface. The triangle and honeycomb topologies were chosen to represent a stretching and a
bending dominated topology. The mixed loading specimens were loaded in combined tensionshear or compression-shear. The applied shear and uniaxial loads were combined to calculate the
effective stress and the in-plane principal stresses following Equations (1) and (2) The effective
strain was calculated using the local strains calculated via digital image correlation via Equation
(3).
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Using the 0.02% offset method discussed above, the effective yield stress was determined and then
the principal stresses corresponding to the effective yield strain were graphed onto the yield
surface. The mixed loading yield points were superimposed over the calculated yield surfaces in
Figure 29 with the yield points shown in blue. The validation experiments had good agreement
with the calculated surface, minimally underestimating the strength of the metamaterial. As the
applied shear force increased, with respect to the tensile or compressive load, the strength of the
metamaterial decreased, following the curvature of the yield surface. The average mixed loading
honeycomb specimen strength was 20.7% greater than the strength predicted in the yield surface
with the smallest difference being 7.2% and the largest difference 32.4%. The average mixed
loading triangle specimen strength was 15.6% greater than the strength predicted in the yield
surface with the smallest difference being 1.1% and the largest difference 26.6%. Even though
the strength difference percentages appear large, the magnitude differences are reasonable due to
the small yield strengths of the cellular metamaterials.
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Figure 29: Mixed loading shear-tension and shear-compression tests (blue squares) were used to validate
the a) honeycomb and b) triangle topology yield surfaces. Tests showed good agreement to the calculated
surface with the conservative tangential line slightly under predicting the strength of the specimens.

5.2.3 Discussion
Traditionally yield surfaces are calibrated via material tests in tension and compression [93].
Therefore the location of largest disagreements between different calculated yield surfaces are
generally at pure shear, the classic example of this disagreement is between the von Mises and
Tresca yield surfaces [93]. There have been several yield surfaces developed for metamaterials
recently that consider the role of topology [90,91] and the complex and varied local loading within
a metamaterial [92]. These cited studies observed similarities to what was found in this study such
as large yield surface size variation between stretching and bending dominated topologies [92] and
the shape of the yield surface changing with topology [90,91]. The above findings show that
metamaterials are weak in shear compared to their uniaxial strengths due to the formation of plastic
hinges and strains non-uniformly distributed among the metamaterial’s struts. To create a yield
surface that is not calibrated to a metamaterial’s diminutive shear strengths would result in plastic
deformation and failure when according to the yield surface the metamaterial should be under
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reversible elastic loading.

Tension-compression anisotropy and orientation anisotropy of

metamaterials is more often discussed than uniaxial vs shear strength mismatches and therefore to
date the focus of metamaterial yield surfaces have been on capturing the first two anisotropies [90–
92]. This important discovery of poor metamaterial shear strength necessitates that a metamaterial
yield surface also be calibrated to the metamaterial’s strength in pure shear.
Inaccurate predictions of shear states in yield surfaces is an issue that is not just limited to
metamaterials, but also monolithic but complex materials including rolled sheet metals [176]. A
methodology was introduced by [176] of adding an additional shear constraint while calibrating
an anisotropic yield surface to increase accuracy in the shear stress state region. Adopting this
methodology for the mathematical description of a metamaterial yield surface could improve the
ability to predict and understand metamaterial deformation. An issue discussed by [176] however,
is that the addition of shear constraints over-constrains the model. An alternate solution was to
use yield functions with more flexibility or use non-associated flow rules rather than associated
flow rules. Additionally, the yield surfaces calculated in this study have a convex discontinuity at
the location of pure shear, Figure 25. Due to this, the derived metamaterial yield surfaces already
violate the normality rule and Druker’s Postulate for a stable material despite the fact that several
metamaterial topologies do experience strain hardening.

Therefore, the behavior of the

metamaterials already confine to the yield surfaces to non-associated flow rules.
5.2.4 Conclusion
A yield surface was created for four cellular material topologies tested in tension, compression,
and shear. The yield surfaces demonstrated cellular materials were weakest in shear loading and
have large anisotropies dependent on loading condition and orientation. Local strain fields were
used to identify the mechanisms driving the deformation of different topologies and the driving
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effect of the unit cell deformation mechanism on global plastic properties. Buckling of cell walls
and the formation of plastic hinges were the main mechanisms to cause yielding within the
materials; however, rotation of the cell walls due to its negative Poison’s ratio caused the auxetic
topology to have the smallest yield surface. Mixed loading validation tests of the calculated yield
surfaces had good agreement validating this methodology as a way to create metamaterial yield
surfaces.
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6. Creep of an FCCZ Inconel 625 Lattice Metamaterial
The effects of a metamaterial structure vs the base material on the creep response of a metamaterial
at elevated temperature is not well understood. This study shows that the metamaterial structure
causes the metamaterial creep behavior to differ largely from that of the metamaterial base
material. Inconel 625 FCCZ lattices and solid round bar specimens were tested over two
temperature and three stress levels. The solid round bar specimens experienced only small
increases in the steady state creep rate with a steady state exponent of 0.35 and 0.63 at 550 ℃ and
650 ℃. The solid round bar specimens did not exhibit a deformation mechanism change over the
temperatures and stress levels tested. The FCCZ lattices exhibited much larger changes in creep
rates with changing stress and temperature with a steady state exponent of 18.3 and 20.2 at 550 ℃
and 650 ℃ respectively. Additionally the lattice specimens experienced three different failure
mechanism behaviors with increasing temperature and stress from stable creep, to creep buckling,
to rapid collapse.

6.1.

Introduction

The operating temperatures of monolithic materials are limited by their melting points. Providing
air channels, such as those found in air-cooled turbine blades, has provided a boost to service
temperatures enhancing turbine performance [177]. Despite advances in new materials, such as
refractory high entropy alloys [178,179], there is still an unfilled material property space of strong
lightweight materials. The accelerated interest in lattice metamaterials opens the potential for even
greater cooling efficiencies at high temperature. An additional bonus is the reduction of weight in
these metamaterials, good energy absorption, and good ductility [174,180]. Low density
metamaterials through the topological arrangement of material at the mesoscale achieve different
global material properties than the base material alone [21].
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The ability to manipulate a

metamaterial’s base material and topology allows metamaterials to be designed to specifically
target difficult to achieve material properties such as high strength-low weight properties [19] or
a negative or zero thermal expansion [181]. While metamaterials are beginning to fill lightweighthigh strength and lightweight-high toughness material property spaces, little work has been done
to investigate if metamaterials can maintain their desirable properties at elevated temperatures.
A metamaterial’s material properties are a function of base material and topology. While a base
material’s high temperature properties may be well understood, how topology can change the
material response in elevated temperatures is not. This study focused on the compressive creep
response of a single-cell face centered cubic-Z topology (FCCZ) lattice material to determine how
the topology influenced the creep response. Most initial studies of the creep of metamaterials are
theoretical or numerical studies analyzing the time dependent behavior of metamaterials based off
the response of foams [182,183] or adding a time dependent component to beam theory [184,185].
Theoretical analyses of honeycombs and foams at elevated temperatures predicted that lattice
metamaterials and foams would have a comparable steady-state creep exponent and activation
energy as the base material when normalizing for relative density [105,186]. Experimental
analysis of low density aluminum foams supported this prediction, though the steady-state creep
exponent decreased with increasing relative density which was not explained [105]. Analytical
and experimental tests have shown that as foam porosity decreases the controlling creep
mechanisms in foams changed from strut bending to shearing and finally compression [187].
Beam theory predicted that the curvature of cell walls plays the most significant role in the creep
behavior of a lattice material, suggesting that bending dominated lattices will fail at a higher creep
rate [103].
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Metamaterials are often used in compressive loading rather than tensile [126]. However, the
majority of creep studies considered tensile creep [106]. Similar to foams, metamaterials
experience tearing when loaded in tension, limiting their load carrying capacity, whereas in
compression they experience densification towards the end of their ductility range extending their
useable displacement [14].

Therefore, this study is on the compressive creep response of

metamaterials to match their most common loading conditions. The base material used in this
study was additively manufactured (AM) Inconel 625 and the metamaterial topology used was an
FCCZ unit cell. The FCCZ unit cell is mathematically predicted to be a bending dominated
topology based on Maxwell’s criterion [188], however it has been shown that this unit cell actually
behaves as a stretching dominated topology and is able to reach high stresses before plastic
collapse [14]. The FCCZ topology has high energy absorption per unit volume and depending on
the relative density the unit cell fails by crushing or Z strut buckling [14]. In addition to furthering
the understanding of creep deformation of metamaterials, this study offers insight on the
compressive creep response of AM Inconel 625.

6.2.

Methods and Materials

6.2.1. AM Inconel 625

Inconel 625 is a nickel based alloy primarily strengthened by solid solution hardening due to the
additions of chromium, molybdenum, niobium and iron, but will experience precipitation
hardening at elevated temperatures above 600 °C due to the formation of intermetallic phases and
carbides [95–97]. At 550 ℃ Inconel 625 remains as a solid solution, however at 650 ℃ after
approximately 8 hours the material precipitates a γ” metastable phase with a body-centered
tetragonal DO22 structure [96,189]. Inconel 625’s service temperature ranges from cryogenic to
980 ℃, however Inconel 625 experiences significant material properties drop off after 650 ℃ [95].
70

The creep experiments in this study were performed at 550 ℃ and 650 ℃ to capture any affect
resulting from the introduction of the γ” phase.
6.2.2. Specimens and Methods
Three specimen types were used: an FCCZ single cell lattice, a round bar, and a flat dog bone. The
FCCZ lattice struts had a diameter of 1.15 mm and the Z struts were 9.0 mm long. The round bar
had a gage length of 16.0 mm and a gage diameter of 5.20 mm. The flat dog bone had a gage
length of 25.0 mm, a gage width of 5.15 mm and a thickness of 3.15 mm. Specimens were
additively manufactured via direct metal laser sintering with a laser power of 285 W and a scan
speed of 960 mm/s.
All three as-printed specimens are shown in Figure 1.

Specimens were tested at ambient

temperature, 550 ℃, and 650 ℃. The flat dog bones were tested in uniaxial tension at a strain rate
of 0.0012 s-1 to measure the AM Inconel 625 yield strength and stiffness at each temperature. The
round bars were tested in compressive creep at 550 ℃, and 650 ℃ at 35%, 50%, and 65% of the
yield stress of the 550 ℃ flat dog bone specimen. Inconel 625 experiences only a minor change
in yield strength between 550 ℃ and 650 ℃ so the 550 ℃ yield strength was chosen for the creep
strength calculations at both temperatures to be able to calculate true iso-stress values when
calculating the activation energy of the material.
The FCCZ lattice specimens were tested in monotonic compression and in compressive creep. The
monotonic compression experiments were ran at a strain rate of 0.0011 s-1. The compressive creep
experiments were performed at 550 ℃ and 650 ℃ at 35%, 50%, and 65% of the compressive yield
strength of the 550 ℃ FCCZ lattice. For all tests at elevated temperatures, the specimen was at

71

temperature for 5 min prior to load being applied. For readability the creep stresses of 35%, 50%,
and 65% will be referred furthermore as low, medium, and high stress respectively,

Figure 30:AM Inconel 625 specimens, left to right, a FCCZ single unit cell, a round bar, flat dog
bone
Uniaxial and creep tests were performed using an MTS hydraulic load frame and the specimens
headed via a 2.5kV Magneforce induction heater with custom made copper coils for heating. All
temperatures during the experiment were maintained to ±5 °C. During the uniaxial tests the load
frame was in displacement control. During the creep tests, the load frame was in force control and
held at a constant compressive force throughout the experiment. Digital image correlation (DIC)
was used to measure the local and global displacements of the specimens throughout the
experiment and calculate the corresponding strains of the global unit cell and the individual cell
struts. A dual camera setup was used with one camera zoomed out (global camera) to measure the
global displacement of the specimens with another camera positioned at 45° from the first camera
to capture the local displacement of the lattice struts (local camera). Figure 2a shows the view of
the global camera, Figure 2b shows the full experimental setup, Figure 2c shows the specimen
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loaded at elevated temperature, and Figure 2d shows the view of the local camera focused on a set
of lattice struts.
For DIC, the cameras were Point Grey model GS3. The global camera was equipped with a
Schneider Kreuznach Xenoplan lens model 1001960 and the local camera was equipped with a
Navitar lens with a 1X adaptor. Images were used to calculate the full field displacement and
strains using commercial DIC software, Vic 2D from Correlated Solutions. Strain calculations
were performed with a virtual strain gauge of 21 pixels2 and a spatial resolution of 75 pixels2
following the procedure outlined in [135]. For the uniaxial tests images were taken at a rate of 2
Hz. For the creep experiments, images were taken at a rate of 2 Hz for the first 2 minutes, at an
interval of 5 seconds for the next 8 minutes, 1 picture per minute for the next hour, and then 6
pictures per hour for the remainder of the test. This schedule was created to capture pictures at a
higher rate when the specimen was rapidly deforming during initial load and primary creep, then
at a lower rate when deformation was slower.
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Figure 31: Uniaxial and compressive test setup. (a) View of the global camera (b) Hydraulic load
frame with induction heater and dual cameras to measure local and global displacement via DIC
(c) The specimen loaded in the load frame glowing orange from heating via the induction heater
(d) View of the local camera

6.3.

Results

6.3.1. Lattice Strut Analysis
AM specimens, particularly without a post build heat treatment, are known to have a larger
porosity than their wrought counterparts [72,150].

If present within the thin struts of

metamaterials, large pores will have a catastrophic impact on strut strength, ensuring premature
failure. X-ray computed tomography (XCT) was performed on a Z strut of the as printed FCCZ
lattice to analyze the dentistry. The information was used to quantify the size and distribution of
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pores throughout the struts. A three dimensional compilation of the XCT scans of the lattice are
shown in Figure 3, where Figure 3a shows a histogram of the size and frequency of the different
types of pores. Two types of pores were identified in the Z strut: gas, and lack of fusion. Figure
3b shows the 3D rendering of the lattice strut surface, and Figure 3c shows the internal pores with
the gas pores highlighted in blue and the lack of fusion pores in red. The gas pores are distributed
evenly throughout the volume of the strut. The strut was 99.98% dense with 296 gas pores
identified in a 2.04 mm length scan where the average pore size was 1297 µm3, the median pore
size was 604 µm3, and the largest pore size was 57181 µm3. The largest gas pore (seen in the top
right (blue) of Figure 3c) reduced the cross sectional area by 0.58%. The lack of fusion pores (red)
were concentrated near the surface of the strut and characterized by their larger random shape.

Figure 32: XCT Scan of metamaterial Z strut of as printed AM FCCZ lattice. a) Histogram of size and type
of pore present in Z strut. b) Rendering of the printed surface. c) Internal porosity where blue depicts gas
pores and red shows lack of fusion pores

6.3.2. Specimen EBSD
Electron backscatter diffraction (EBSD) was performed on a cross section of the FCCZ lattice strut
and a cross section of the grip section of the FCCZ lattice specimen. The grip section had a similar
cross sectional area to the solid round bar creep specimens and was expected to have a similar
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microstructure to the round bar and therefore was used for EBSD to limit the number of specimens
sacrificed for EBSD testing. EBSD was performed for both specimens on the cross sectional face
perpendicular to the length of the specimen. The EBSD map for the FCCZ lattice specimen is
shown in Figure 4a and the EBSD map for the grip section specimen is shown in Figure 4b. The
EBSD pole figures for the FCCZ lattice are shown in Figure 5a and for the grip section are shown
in Figure 5b. Both EBSD maps had a dispersion of small and large grains where the FCCZ lattice
had an average grain area of 615 µm2, a median grain area of 217 µm2, and a maximum grain size
of 97.3 µm and the grip section had an average grain area of 444 µm2, a median grain area of 150
µm2, and a maximum grain size of 89.6 µm. The FCCZ lattice showed greater texturing towards
the 001 orientation than the grip section.

Figure 33: Electron backscatter diffraction of (a) the FCCZ lattice and (b) the solid grip section
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Figure 34: Electron backscatter diffraction pole figures of (a) the FCCZ lattice and (b) the solid grip
section

6.3.3. Uniaxial Tension of Base Material
The flat dog bone specimens were tested in uniaxial tension at ambient temperature, 450 ℃, 550
℃, and 650 ℃ to measure the yield strength and stiffness of the AM Inconel 625 base material.
The strength and stiffness at each temperature are shown in Table 1. The 650 ℃ yield stress was
identified in literature [95].
Table 1: Yield strength and stiffness of flat dog bone uniaxial tension tests, *[95]
Temperature ℃
Ambient
450
550
650

Yield Strength (MPa)
503 ±13
471 ±17
450 ±14
455*

6.3.4. Uniaxial Compression of FCCZ Lattices
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Stiffness (GPa)
216 ±6
137 ±6
111 ±5
91 ±7

The FCCZ lattices were tested in uniaxial compression at the same temperatures as the base
material and the stress-strain response of the lattices is shown in Figure 4. The lattice stress
calculations were performed using the effective area of the lattice [12]. The results at each
temperature are shown in Table 2. A 0.2% offset was used to measure the yield stress of the
lattices.

Figure 35: Stress-strain response of the FCCZ lattices loaded in uniaxial compression at ambient
temperature, 450 ℃, 550 ℃, and 650 ℃. Strains inverted to mimic tensile stress-strain curves.
450 ℃ (green) and 550 ℃ (red) curves nearly identical
Table 2: Yield strength and stiffness of FCCZ uniaxial compression tests
Yield
Temperature ℃ Max Force (kN) (MPa)
Ambient
4.68
375 ±1
450
3.96
318 ±2
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Strength Stiffness
(GPa)
217 ±2
117 ±4

550
650

3.95
3.79

317 ±8
304 ±7

135 ±6
139 ±5

When the FCCZ lattices yielded the struts began to bend with the amount of bending increasing
with increased displacement. The specimens deformed uniformly with all four Z struts deforming
equally. The ambient, 450 ℃, and 550 ℃ specimens did not experience any cracking in the struts.
The 650 ℃ lattice experienced cracking at the locations of largest strain, primarily the outside of
the Z struts in the center of the strut and at the top and bottom of the Z struts where the Z strut and
the diagonal struts intersect. Post mortem images of the FCCZ uniaxial compression specimens
are shown in Figure 5 where the specimens are ordered left to right from ambient temperature to
650 ℃. Cracking that occurred in the 650 ℃ specimen is indicated by red arrows.

Figure 36: FCCZ Lattices after uniaxial compression. At yield, struts transitioned from
compression to uniform bending. Only the 650 ℃ specimen experienced cracking at locations of
largest strains, indicated by the red arrows.
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6.3.5. Compressive Creep Experiments
The round bar specimens were tested in compressive creep at 550 ℃ and 650 ℃ at the low,
medium, and high stresses. The creep curves are shown in Figure 6a; the strains on the creep
curves have been inverted to mimic a tensile creep curve. All of the specimens experienced an
initial compression when load was applied, followed by a rapid primary creep that lasted
approximately an hour, and then steady state creep for the remainder of the test. The tests were
terminated after 150 hours while the specimens were still in secondary creep. The 650 ℃
specimens experienced both a larger initial compression and a faster creep rate than the 550 ℃
specimens at the same load. Comparing both high stress specimens, the 650 ℃ specimen reached
a strain of 0.34% during primary creep and had a steady state creep rate of 2.48 x 10-9 s-1, whereas
the 550 ℃ specimen crept slower to a strain of 0.26% during primary creep and had a steady state
creep rate of 1.79 x 10-9 s-1.

Figure 37: Compressive creep curves of the a) round bar specimens and b) FCCZ lattice specimens
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The FCCZ lattice specimens were also tested in compressive creep at 550 ℃ and 650 ℃ at the
low, medium, and high stresses. The creep curves are shown in Figure 6b. After 150 hours the
550 ℃ - low stress specimen, 550 ℃ - medium stress specimen, and 650 ℃ - low stress specimen
remained in secondary steady state creep and the tests were terminated. Each specimen had a
corresponding steady state creep rates of 1.04 x 10-12 s-1, 4.12 x 10-10 s-1, and 5.08 x 10-10 s-1.
The 550 ℃ - high stress and the 650 ℃ - medium stress specimens crept quicker and ruptured
before 150 hours. Secondary creep lasted less than 3 hours for the 650 ℃ - medium stress specimen
with a steady state creep rate of 1.10 x 10-6 s-1, and approximately 18 hours the 550 ℃ - high stress
specimen with a steady state creep rate of 6.14 x 10-8 s-1. During tertiary creep, the struts of the
specimens buckled rapidly resulting in the complete crushing of the lattice. When the 650 ℃ high stress specimen was loaded, the specimen very rapidly failed during initial compression and
the test lasted approximately 1 minute with a steady state creep rate of 7.45 x 10-5 s-1.
To compare the strain rates of the round bars to the FCCZ lattices, as well as quantify the effects
of temperature and stress on both types of specimens, the steady state creep exponents, Figure 7a,
and the apparent activation energy, Figure 7b, for all of the creep specimens were calculated. The
steady state creep exponent, n, and the activation energy, Q, are derived from Equation 1, a
phenomenological relationship between stress and steady state strain rate in steady state 5 power
law creep where 𝜀𝜀𝑠𝑠𝑠𝑠̇ is the steady state strain rate, 𝐴𝐴0 is a constant, k is Boltzmann’s constant, T is

temperature, 𝜎𝜎𝑠𝑠𝑠𝑠 is uniaxial steady state stress, and E is Young’s modulus [94].

=
εss A0 exp [ −Qc / kT ] (σ ss / E )

n

(1)

For monolithic materials the activation energy is deterministic of what creep mechanisms are
activated in the material at particular stress and temperature levels. For metamaterials, the
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calculated activation energy is helpful for determining the metamaterial’s sensitivity to changes in
applied stress and temperature levels, however, the calculated activation energy is not helpful for
determining the material creep mechanisms activated. Therefore, the term apparent activation
energy is used when referring to the activation energy of metamaterials in this study.
The creep exponent and the apparent activation energy of the FCCZ lattices are about 1.5 orders
of magnitude larger than the round bar specimens, showing that the lattices are more sensitive to
changes in both temperature and stress and the round car specimens.

Figure 38: Steady state creep exponents and apparent activation energies of the FCCZ lattice and
round bar compressive creep tests
The significantly larger creep exponents of the lattice specimens than the round bar specimens
indicated that the mechanisms driving the deformation of the lattices were not traditional tensile
creep mechanisms seen in solid specimens such as diffusion or dislocation where the creep
exponent is generally between 1 and 5 [94]. Rather the deformation mechanisms driving the
deformation of the lattice specimens was a result of the metamaterial topology.
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6.4.

Discussion

6.4.1. Lattice Deformation Mechanisms
There are two changes in failure mechanisms of the lattices that occur with changing temperature
and/or stress, Figure 8. At the highest temperature and stress level (650 ℃ - high stress, red on
Figure 8a) the lattice failed rapidly, lasting less than a minute. This is labeled as the rapid collapse
regime in Figure 8b where the specimen does not exhibit any creep behavior but instead near
instantaneously collapsed. With decreased load or decreased temperature (650 ℃ - medium stress
and 550 ℃ - high stress) the lattice exhibited a creep buckling behavior where the creep behavior
included primary, secondary, and tertiary behavior. These specimens failed after several hours: 2.8
hours for the 650 ℃ - medium stress experiment and 25 hours for the 550 ℃ - high stress
experiment. This is labeled as the progressive buckling regime in Figure 8b. With further
decreased load and/or temperature the specimens exhibited a stable secondary creep behavior
where the specimens maintained a secondary creep rate that was lower than the creep rate of the
solid round bar specimens. This is labeled as the stable creep regime in Figure 8b.
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Figure 39: Change in primary deformation mechanism between low stress, mid stress, and high
stress specimens dependent on both change in temperature and change in stress a) Creep curves
organized by primary deformation mechanism b) Map of failure mechanism regime based on
temperature and stress
There is a distinct mechanism change between the specimens that failed in a matter of hours
(Figure 8a blue curves) and days (Figure 8a green curves). For the specimens that failed within
hours, the lattice struts began to bend during initial loading, Figure 9a, whereas for the specimens
that remained in secondary creep after 150+ hours, the lattice struts were not observed to be in
bending until after the onset of tertiary creep, Figure 9b. Strut bending beginning in initial loading
is what caused the specimens in the progressive buckling regime to have larger initial strains,
Figure 8a, blue curves. The image shown in Figure 9a is taken 23 hours into the experiment and
the specimen experiences final collapse at 25 hours. While initial measurable bending is detected
at the end of primary creep for this specimen, a picture of the specimen near the end of the test
was used to highlight the bending of the Z strut. An image of a stable creep specimen after 11
days is shown in Figure 9b where all of the struts remain straight.
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Figure 40: a) 550 ℃ 65% lattice after 25 hours deformation, Z strut experiencing significant
bending b) 650 ℃ 35% lattice after 11 days, Z strut shows no indication of bending
Lattices of two different stress and temperature combinations of those tested were in the
progressive buckling regime (550 ℃ - high stress and 650 ℃ - medium stress). Both specimens
had measurable bending of the struts by the end of primary creep. The radius of curvature of the
Z struts of each specimen is plotted over time in Figure 10, the strain vs time curves of each
specimen are overlaid on the radius of curvature points for comparison with the creep curve strains
offset vertically to match the initial radius of curvature points. The 550 ℃ - high stress lattice
initially has a smaller radius of curvature (larger bend) than the 650 ℃ - medium stress lattice
though interestingly the 650 ℃ - medium stress lattice experiences a much faster decrease in radius
of curvature over time and fails faster than the 550 ℃ lattice. Using the known load applied to the
specimens and the measured radius of curvatures of the Z struts, the stresses on the convex side of
the Z struts of both specimens was calculated to be in tension at the conclusion of primary creep.
For the specimens that did not experience initial bending however (the stable creep regime), the
convex side of the struts remained in compression during secondary creep until the tests were
terminated. The tensile stresses on the convex side of the 550 ℃ - high stress lattice were initially
larger than the 650 ℃ - medium stress lattice due to the smaller radius of curvature of the 550 ℃
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lattice. Therefore, while the increased tensile load on the outer edge of the strut likely has an
impact, the increased temperature is a faster driving force than increased load.

Figure 41: Radius of curvature of the Z struts of the FCCZ lattice throughout the creep test overlaid
on the creep strain vs time curve for the 550 ℃ 65% yield and 650 ℃ 50% yield specimens. The
creep curve strains are offset vertically to match the initial radius of curvature points
6.4.2. Topology Verse Material: Lattice and Round Bar Deformation
Comparing the change in radius of curvature of the lattices with the overlay of the strain vs time
curves shows that there is a clear connection between the radius of curvature of the struts and the
global creep behavior of the specimen, Figure 10. The buckling of the struts is driving the
deformation of the lattices rather than the microstructural creep mechanisms governing the solid
round bar specimens. Theoretical and experimental work on the creep of cellular solids where the
behavior of cellular materials was extrapolated from the creep behavior of foams predicted that
the strain rate of cellular materials would be proportional to the bulk material via a scaling factor
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and the apparent activation energy and the steady state creep exponent would scale similarly. That
scaling factor consists of the relative density raised to an exponent n generally between 1 and 4
[105]. The assumption of this hypothesis was that the same creep deformation mechanism was
active in the solid and foam specimens. While that prediction has been supported in work on creep
of foams [190], the strain rate of the lattices and the solid round bar in this study were not
proportional and the exponent n changed from 4.8 to -6.9 with changing temperature and stress
conditions. Positive n values occurred when the lattice crept faster than the equivalent round bar
specimen and negative when the lattice crept slower. Additionally the apparent activation energy
and steady state creep exponent of the lattices and solid round bars were approximately 1.5 orders
of magnitude different. While a non-ordered foam may behave similarly to a solid material, the
deformation of the rigid and ordered structure of the FCCZ lattice is driven by different creep
mechanisms than the base material. Within the same temperature and stress conditions the FCCZ
lattice experienced three different failure mechanism regimes while the round bar deformation
remained consistent.
6.4.3. Temperature and Load on Lattice Buckling
During the creep buckling of a beam, increased beam curvature increases the bending moment
acting on the beam [191]. With increased bending moment, the curvature of the beam increases
to create a positive feedback cycle where increased bending begets faster changes in bending [191].
Therefore, it is of little surprise that the specimens that have visually identifiable curvature by the
end of initial extension and primary creep experience tertiary creep and collapse significantly faster
than the specimens where the lattice struts do not show detectable bending. However, it should be
noted that the specimen with an initially larger radius of curvature, the 650 ℃ - medium stress
lattice failed an order of magnitude faster than the 550 ℃ - high stress lattice. A temperature
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dependent factor is causing the lattice at a higher temperature but lighter load to complete this
bending moment cycle faster leading to final failure. As discussed earlier, despite similar yield
strengths and stiffnesses at 550 ℃ and 650 ℃, the Inconel 625 lattices tested in uniaxial
compression at 650 ℃ exhibited cracking at the areas of high stress, whereas the lower temperature
specimens did not. The more brittle response of the Inconel 625 material at 650 ℃ than at 550 ℃
is likely leading to increased damage accumulation at the outer edges of the struts making the struts
less able to support the applied load.
For the lattice specimens in the stable creep regime, no measureable bending is detected in the
lattice struts during secondary creep. The creep rate of the specimens in this regime are all lower
than the solid round bar creep rates, and the specimens showed prolonged stable secondary creep.
This is not to say that creep buckling will not occur in the seemingly stable specimens, as creep
buckling has been shown to occur under any compressive load [191]. Due to the very small amount
of bending of the Z struts, the positive bending begetting increased bending moment cycle is
significantly smaller. This leads to much longer creep lives where the specimen can be considered
to experience “stable secondary creep” where the secondary creep rate can be used to predict
deformation rates of the specimens.
6.4.4. Single Cell Lattice Verse Array
This study focused on the behavior of a single lattice unit cell. A single unit cell was chosen to
identify the mechanisms that controlled the deformation of the lattice (Z strut buckling) without
adding in the effects of edge cells and uneven collapse. Before lattices can be implemented into a
high temperature environments where the lattice is expected to experience compressive creep, this
study should be expanded to investigate the effects of multi FCCZ cell arrays and how multiple
cells change the creep deformation behavior. Previous studies have shown that metamaterial
88

sensitivity to array sizes varies with both topology and loading condition [192,193]. An infinitely
large array could disperse stress concentrations and delay bending of the lattice struts until larger
stresses are applied, or a larger array could introduce larger moment arms on the edge cells if the
lattice is centrally loaded causing larger initial bending of the lattice struts leading to more rapid
times to failure.
The observation that the stable creep specimens have a slower creep rate than the solid round bars
means that the structure of the lattice at low temperatures and stresses actually serves to reinforce
the specimen, showing promise for lightweight, high temperature applications.

6.5.

Conclusion

The creep behavior and failure mechanism of Inconel 625 FCCZ lattice metamaterials is driven by
the metamaterial structure rather than primarily by the base material as was predicted by literature.
Three failure mechanism regimes of the lattice were identified, rapid failure, progressive buckling,
and stable creep. Rapid failure occurs when at high temperature and high stress the specimen fails
during initial loading rather than through creep. Progressive buckling occurs when the Z struts of
the lattice experience identifiable bending at the conclusion of initial loading/primary creep. The
bending of the Z struts increases the bending moment on the specimen struts leading to greater
bending and a larger bending moment. This cycle repeats until the bending moment is larger than
the strut can support and tertiary creep begins leading to specimen collapse. Steady state lasted in
this regime between 2 and 24 hours. Stable creep occurred at low stresses and low temperatures
where the Z struts of the specimen did not have measurable strut bending after primary loading.
These specimens experienced stable steady state creep at a lower strain rate than the specimens in
the progressive buckling regime. After more than 150 hours these tests were terminated where the
specimens were still in secondary steady state creep and no struts showed any measurable amount
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of buckling. The steady state exponent and the apparent activation energy of the lattices were
approximately 1.5 orders of magnitude larger than the solid round bar specimens.

90

7. Conclusion and Future Work
7.1.

Conclusion

This study discussed three different fracture and failure mechanisms of low density metamaterials
and how a metamaterials topology and base material drive deformation. The first was the fracture
toughness of a gyroid surface metamaterial. The complex surface of the gyroid forced propagating
cracks to grow along the changing surface, forcing cracks into complex mixed modes I, II, and III
loading conditions. The surface topology also caused the crack tip to continuously interact with
the material, unlike cellular and lattice metamaterials where the crack tip is considered to exist in
unoccupied space until the next strut ahead of the propagating crack begins to rupture. In this
study, arrested planes were added to the gyroid topology to mimic a weak interface and arrest or
divert the crack, increasing the gyroid fracture toughness and general toughness. The amount of
toughening experienced was dependent on the base material of the gyroid. The ductile polymer
gyroid experienced a five-fold increase in fracture toughness but the brittle polymer gyroid
experienced a two-fold increase in fracture toughness due to the brittle material causing the
propagating crack to propagate in an overdriven manner. Modified 316L stainless steel specimens
experienced a 22% increase in the general toughness compared to the unmodified 316L gyroid
specimens.
The second part of this work calculated the shape and anisotropy in the yield surfaces of common
cellular metamaterials. The shear strength of cellular materials has been found to be lower than
the normal strength. This study found that the poor shear strength results in a non-normative yield
surface where the surface changes concavity at the point of pure shear. Additionally the tensile
and compressive strength of a cellular material is highly dependent on orientation, creating a yield
surface that has tensile-compressive anisotropies as well as σ1 – σ2 anisotropies. The stretching
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dominated triangle topology had the largest yield surface, but also experienced the largest σ1 – σ2
anisotropies due to its rigid truss like construction. The auxetic topology had the smallest yield
surface as well as the weakest shear strength due to its tendency to prematurely form plastic hinges
due to its acute internal angles. Combined shear/tension and shear/compression tests were
performed on the bending dominated honeycomb and the stretching dominated triangle topologies
to validate the non-normative yield surfaces. The biaxial tests revealed that the combined loading
tests followed the curve of the yield surface, with larger shear loads compared to tensile or
compressive loads causing the specimen to fail earlier.
The final part of this work considered the compressive creep behavior of an FCCZ lattice
metamaterial. The creep rate of the lattice was dominated by the topology and initial load. FCCZ
Inconel 625 lattices and Inconel 625 round bars were tested in compression at two temperature and
three stress levels. The round bars showed consistent steady state creep rate of 10-9 s-1 regardless
of the stresses and temperatures used. However, the creep rate of the lattices varied from 10-12 s-1
to 10-4 s-1 with creep tests lasting from 1 min to being terminated after 11 days. Remarkably, the
lattices at the lowest stress and temperature had a slower creep rate than the round bar
demonstrating a mechanical advantage due to the topology. At higher temperatures and stress
though the fastest creep rates were five orders of magnitude higher than the round bars. The
deformation mechanisms for the lattices changed depending on the applied temperature and stress,
where the specimens at the lowest temperature and stress deformed by stable creep with no visual
indication of bending for several days until the test was terminated. At higher stresses and
temperatures the Z struts of the lattices experience bending upon initial loading and progressively
bend until the specimen fails by catastrophic buckling. At the highest stress and temperature
tested, the lattice failed by rapid collapse when the compressive load was initially applied to the
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specimen. These tests revealed that the buckling of the struts of the lattice drive the creep
deformation of the FCCZ lattices.
This study has shown that the response of the metamaterial is a function of both the base material
and the topology, where changing either the topology or base material will effect the deformation
mechanisms activated.

Future work however is needed to fully understand all aspects of

metamaterial deformation responses.

7.2.

Future Work

7.2.1. Incorporating Plasticity into Models to Predict Deformation
When a metamaterial deforms local strain concentrations develop within the unit cells. The
location of these strain concentrations are determined by the metamaterial topology and the base
material stiffness. For a traditional honeycomb unit cell, the location of strain concentrations
varies for highly ductile and highly brittle materials. For highly ductile base materials, when a
honeycomb is loaded, the angled struts of the honeycomb behave as a beam in bending with the
honeycomb response dominated by the base material stiffness and local strain concentrated along
the entire strut, Figure 40a. When a honeycomb with a highly brittle base material is deformed,
plastic hinges form at the location between two intersecting struts where the material is yielding
and experiences localized hardening, Figure 40b.

Strain within the honeycomb is highly

concentrated at these locations and the honeycomb response is dominated by the base material’s
ability to plastically deform and harden.
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Figure 42: Deformation response of a honeycomb with a (a) ductile or (b) brittle base material. Reprinted from [30]

Computational models on the deformation of metamaterials often only focus on the elastic
response of a metamaterial [194–196].

If a computational model does predict the plastic

deformation response of a metamaterial specimen, the model often experiences significant
disagreements with experimental studies [39,197]. Analyzing the plastic response of various
topologies and base materials in this study offers an insight into how the plastic response of a
metamaterial varies with base material. The use of DIC throughout this study also provides a
helpful understanding of how strains are concentrated throughout a topology and how that changes
with loading condition and base material. Studies are beginning to be introduced in literature on
the how underlying microstructures within a lattice effect the distribution of local stresses within
the struts [90]. Continued improvement in this work and further implementation of plasticity
models into computational studies of metamaterials will result in more accurate models and a
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better prediction of the deformation mechanisms present in a metamaterial. To model the plastic
behavior of metamaterials, models should focus at the unit cell level as well as at the global level
similar to the homogenization theory. At the unit cell level, models have to consider the strain
hardening occurring within plastic hinges as they form. Therefore, models must be able to identify
locations within a unit cell where plastic hinges would first occur. Additionally models must
identify if plastic hinges develop in secondary locations after hardening of the initial plastic hinges
occurs. Computational models however must also focus on the metamaterial as an infinitely large
array and consider how the metamaterial modeled as a homogenous material will experience
hardening or softening with continued loading.
If computational models are improved with higher accuracy, computational optimization of
metamaterials can be used to predict novel topologies for targeted material performance. High
throughput simulations could be performed to determine the best topology-base material pairing
to achieve desired results, a task which would be both lengthy and costly if performed only
experimentally. With an improved understanding of the effect of microstructure and local defects,
a printed metamaterial could be analyzed via x-ray computed tomography or a similar technique,
and a simulation could determine if internal pores will be detrimental to the metamaterial
performance.
7.2.2. Size Effects
One component of metamaterial behavior not addressed by this study are the effects of changing
cell size as well as number of unit cells in a metamaterial. All of the topologies tested in this study
had a unit cell size between 3 and 9 mm with a strut or wall thickness between 0.6 and 1.2 mm.
Metamaterials have been introduced to literature ranging from having a unit cell of 8 µm [13] to
truss bridges with a “unit cell” size of 10 feet or more. Additionally extreme lightweight
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metamaterials have been introduced with a relative density less than 0.1 [180]. Studies have shown
that the deformation mechanisms of a metamaterial change with relative density and cell size
[174], however, the majority of these studies focus on elastic properties or the modes of
deformation with little consideration for the base material. With metamaterials, cell walls or struts
are often small enough that when a crack propagates in a metamaterial it is considered to rupture
the cell wall ahead of the crack rather than experience crack initiation and propagation. For a
metamaterial with a large strut thickness however, a full crack initiation, stable propagation,
unstable propagation behavior could occur, changing the deformation mechanisms present.
Single cell FCCZ lattices were tested in creep in this study. As the lattice deformed, the struts of
the lattice uniformly deformed by bending away from the center of the specimen. If the specimen
was a 30 by 30 array of unit cells, would the lattice continue to deform in the same way with
consist strut bending away from the center of loading, or would the loading mechanism change
with struts in the center of the array deforming in a different manner from the struts at the array
edges? To accurately model the behavior of metamaterials, it is imperative to understand the
effects of changing the number and size of unit cells within a lattice and changing the unit cell
relative density.
The effects of a metamaterial as a large array also must be considered when it is incorporated
within a larger solid component. One advancement in incorporating metamaterials for application
is done in additively manufactured gas turbines where complex metamaterials are incorporated
into the gas nozzle to increase the mixing of air and fuel to optimize the efficiency of the fuel
consumed [198]. In this design, the metamaterial is attached to the solid wall of the shell of the
nozzle. This creates an effect different from what is traditionally tested in literature where the
metamaterial is confined by a solid wall of material that will have a different thermal expansion,
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stiffness, Poisson’s ratio, etc. than the low density metamaterial. Future work must consider how
the deformation and properties of a metamaterial change when constrained. Low density
metamaterials offer a promising way of using shape to achieve desired material properties at lighter
densities and using less material than the base material alone.
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